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Figure 7-2. A schematic of an advanced in operando configuration compatible with all 
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Electrochemical energy storage devices, such as batteries and pseudocapacitors, are 
the most promising power supply for many emerging technologies, from portable 
electronics to electrical vehicles and smart grids.  While incremental progress in 
performance of these devices has been made in recent years, dramatic advancement is 
hindered by the lack of a profound understanding of the atomic level energy storage 
mechanism of Li-ion batteries and pseudocapacitors. This dissertation carries out a series 
of fundamental mechanism studies for a few important electrode materials of Li-ion 
batteries and supercapacitors using in operando Raman spectroscopy. This study revealed 
the detailed structural changes of electrode materials during energy storage from the 
evolution of vibrational structures as a function of electrochemical operations. To better 
explain this rationale, this dissertation discusses briefly the fundamental concepts and 
principles, including electrochemistry, Raman spectroscopy, and in operando 
configurations as well as basic experimental setups, prior to the chapters of detailed 
research results. The first material studied in this dissertation is layered manganese oxide 
(MnO2), the most characteristic pseudocapacitive material. The cation size effects observed 
in the in operando Raman evolution of MnO2 clearly proved the interlayer cation storage 
mechanism. Secondly, the dissertation also probed the energy storage of layered nickel 
hydroxide/oxo-hydroxide (NiO2Hx), which has a structure similar to that of layered MnO2 
and features the transitional electrochemical behavior between the pseudocapacitor and the 
battery with very high energy density. Correlations between Raman spectroscopic 
evolution and electrochemical behavior proved that the break/formation of O-H bonds in 




incorporation between NiO2Hx layers plays a minor role.  Thirdly, this dissertation 
investigated the mechanism of energy storage of T-Nb2O5, which can store Li ions at an 
exceptionally fast rate similar to a capacitor. Through a comparison between in operando 
Raman spectroscopic evolution and a theoretical calculation of the vibrational structure of 
the proposed model, it is found that Li ions are preferably stored on the 2D voids of Nb-O 
bonding facets similar to the surface-bound capacitive behavior, which unravels the Li-ion 
incorporation mechanism responsible for fast energy storage. In addition to the research 
results, a few recommendations are provided about more aspects of energy 
storage/conversion mechanisms, the application of advanced Raman spectroscopy, and the 
advanced in operando mechanism analyses.  
The research work described in this dissertation has contributed significant new 
discoveries for fundamental chemistry and physics relevant to energy science. Moreover, 
information about mechanisms unraveled in this dissertation can be helpful for rational 
design of material structures and compositions for unique functionalities, which will 
ultimately contribute to engineering developments in the energy storage industry. Finally, 
the general methodology of this dissertation can be readily applied to other research fields 






1.1.  Motivation 
The world has an extremely urgent demand for efficient and reliable mobile 
electrical energy storage systems. Undoubtedly, the most critical aspect of this demand is 
for transportation. Currently, not only transportation, but also a large portion of the 
stationary electrical power supply (e.g., household and commercial), heavily rely on fossil 
fuels, which are being consumed at an astounding rate worldwide.1 Besides this critical 
fact, the consumption of fossil fuels (coal, oil, and natural gases) generates a massive 
amount of greenhouse gases and pollutants that are irreversibly destroying the global 
environment.2-4 In the past few decades, electricity generated by renewable energy (wind, 
water, and solar) has been progressively replacing that by fossil fuels for household and 
commercial electrical power supply.5-7 However, for transportation, completely replacing 
fossil fuel is a significant challenge since the electrical energy generated by renewable 
sources needs to be effectively stored. Besides the demand from transportation, other vital 
fields, such as portable electronic devices, also strongly rely on portable electrical energy 
storage. Therefore, as efficient and reliable mobile electrical energy storage systems are 
urgently needed,8-10  research and development of electrical energy storage systems is one 
of the most important topics of modern industry.  
The most realistic method of meeting the demand of mobile electrical energy 
storage is to store electrical energy electrochemically. Remarkable progress in the 
development of electrochemical energy storage has taken place in the applications of 




rechargeable battery (lead-acid) in 1859, various types of rechargeable batteries have been 
developed and applied to various areas.11,12 As the most promising batteries, Li-ion 
batteries, which were developed in 1980s,13-15 have substantial advantages over the other 
types of batteries developed earlier and have been proven highly successful.16-18 Currently, 
Li-ion batteries are the most likely candidate to totally replace internal combustion engines 
for vehicles and the major power sources for portable electronics.16-21 Besides Li-ion 
batteries, supercapacitors, including electrochemical double layer capacitors and 
pseudocapacitors, which were developed in the 1980s, are another type of promising 
electrical energy storage device.22-27 Supercapacitors could deliver much higher power 
density than most batteries and much higher energy density than conventional 
capacitors.23,25  Owing to these unique features, supercapacitors could be applied to power 
components requiring many rapid charge/discharge cycles.22,25 In recent years, numerous 
types of novel materials have been developed as electrode materials for Li-ion batteries 
and supercapacitors. The performance of electrical energy storage is progressively 
improving, in terms of energy density, power density, cycling life, lower cost, and safety 
as well as the prevention of self-discharge and the memory effect. 
However, for a large number of discoveries of electrode materials for Li-ion 
batteries and supercapacitors in recent years, the performance of electrical energy storage 
has not been comprehensively enhanced for all aspects.18,28 It has often been found that 
although a few aspects of performance have been significantly enhanced (most likely 
capacity or energy density), a few other aspects of performance have been compromised 
(e.g., safety and cost), Thus, many novel materials invented in recent years cannot be 




the 1980s and the 1990s (i.e., LiCoO2 and its derivatives, LiMn2O4, LiFePO4 with graphite 
anodes) still contribute to a vast majority of commercially available Li-ion 
batteries.10,21,29,30 Thus, energy storage systems (e.g., for electrical vehicles and portable 
electronics) powered by Li-ion batteries and supercapacitors are relatively expensive 
(~300-500 USD/kWh for Li-ion batteries, more expensive for supercapacitors).10,29,30 
Therefore, because of the absence of new Li-ion battery and supercapacitor materials with 
comprehensive enhancement on all aspects of performance, the energy storage industry has 
not been subject to revolutionary progress, such as the replacement of internal combustion 
engines with cheap and reliable battery/capacitor-powered engines.  
The stagnant development of Li-ion battery and supercapacitor materials 
mentioned above is solely because most of the research related to novel materials is based 
on trial-and-error iterative experiments without rational design. Designing a material is 
very challenging and needs to be guided by certain principles. The key to obtaining these 
vital principles is the systematic understanding of the mechanism of electrochemical 
energy storage for Li-ion batteries and supercapacitors. From a scientific perspective, 
understanding the mechanisms of energy storage is an important topic for fundamental 
physical science research. More importantly, fundamentally understanding these 
mechanisms is vital to the development of the new-generation of electrochemical energy 
storage material, which is the key to revolutionizing the industry of energy storage. 
1.2.  Research objectives 
Research on the electrochemical energy storage mechanisms need an efficient 
physiochemical method is needed to unravel the structural features caused by energy 




probing the details of materials by revealing material features from vibrational 
spectroscopy.31-35 In the past few decades, the application of Raman spectroscopy in the 
field of physical science has proven extremely successful.36-39 Moreover, a combination of 
Raman spectroscopy with a real-time probing configuration (in situ and in operando) 
further enhances capabilities of Raman spectroscopy to probe material properties as a 
function of time. Owing to these strong capabilities, Raman spectroscopy could be a critical 
tool for probing the structural details of supercapacitor and Li-ion battery materials, thus 
providing vital information about energy storage mechanisms.  
The objective of this dissertation is to understand the mechanism of energy storage 
for a few important supercapacitor and Li-ion battery materials using Raman spectroscopy. 
In particular, this study will combine in operando techniques with Raman spectroscopy to 
reveal the dynamics of structural changes during electrochemical operations. The research 
topics in this dissertation include the  pseudocapacitive energy storage mechanism of layer-
structured MnO2, the electrochemical energy storage mechanism of NiO2Hx, and the 
ultrafast Li ion storage mechanism of T-Nb2O5. All of these materials are promising 
candidates for the new-generation of electrical energy storage. Further chapters will discuss 
the detailed properties of each type of material and the rationale of mechanism studies. 
1.3.  Dissertation structure 
Chapter 1 briefly introduces the motivation of the dissertation and explains the 
urgent demand for cheap and reliable electrochemical energy storage devices and the 
importance of mechanism study for electrochemical energy storage. It also includes the 
general research objectives of this dissertation. Chapter 2 introduces the theoretical 




concepts and the principles of their physical meanings without complicated algebra. The 
first part of the chapter explains fundamental electrochemistry and electrochemical energy 
storage. The second part briefly introduces the concepts and principles of Raman 
spectroscopy, and the third part briefly introduces the concepts of in operando Raman 
spectroscopy, which is vital for this dissertation. Chapter 3 introduces basic experimental 
configurations for electrochemical tests, Raman spectroscopic tests, and in operando 
Raman configurations. Other types of experiments such as sample preparations and 
electron microscopic tests, which are not systematically used, will be mentioned in other 
chapters. 
Chapter 4 describes the study of the charge storage mechanism of pseudocapacitive 
MnO2. This chapter will elaborate the rationale of the study by the background introduction 
of MnO2-based pseudocapacitors, the experimental approaches, cation size effects on 
spectroscopic analyses, theoretical calculations, mechanism information, and a few 
insights on rational design. This chapter uses excerpts from the following paper40: Chen, 
D., Ding, D., Li, X., Waller, G. H., Xiong, X., El-Sayed, M. A., Liu, M., "Probing the 
charge storage mechanism of a pseudocapacitive MnO2 electrode using in operando 
Raman spectroscopy ", Chem. Mater. 2015, 27, 6608-6619. Chapter 5 describes the study 
of the charge storage mechanism of NiO2Hx. This chapter will elaborate the rationale of 
the study by the background introduction of NiO2Hx-based electrochemical energy storage, 
experimental approaches, spectroscopic evolution as a function of electrolyte properties, 
and obtained mechanism information. This chapter uses excerpts from the following 
paper41: Chen, D., Xiong, X., Zhao, B., Mahmoud, M. A., El-Sayed, M. A., Liu, M., 




Materials using In Operando Resonance Raman Spectroscopy ", Advanced Science 2016, 
3, 1500433. 
Chapter 6 describes the study of the ultrafast Li ion storage mechanism of T-Nb2O5. 
This chapter will elaborate the rationale by an introduction of the exceptionally fast Li ion 
storage behavior of T-Nb2O5, sample preparation, in operando spectroscopic analyses, the 
model of Li ion incorporation, theoretical calculations of vibrational properties, 
conclusions on Li ion storage mechanism of T-Nb2O5, and insights on rational design. This 
chapter uses excerpts from a paper (unpublished as of Jan 13th 2017):42 Dongchang Chen, 
Jeng-Han Wang, Tsung-Fu Chou, Mostafa A. El-Sayed, Meilin Liu, "Unraveling the nature 
of anomalously fast energy storage in T-Nb2O5". Chapter 7 briefly concludes the research 
results of this dissertation and presents recommendations about more aspects of energy 
storage/conversion mechanism studies, applications of advanced Raman spectroscopy, and 






2. FUNDAMENTAL PRINCIPLES 
2.1.  Fundamentals of electrochemistry 
2.1.1.  Basic thermodynamic concepts 
Electrochemistry describes the fundamental rules about the relationship between 
redox chemical reactions, chemical energies associated with the redox chemical reactions, 
and electricity.43 Despite the variety of emerged electrochemical energy storage or energy 
conversion systems, the fundamental principles of these systems are solely based on 
electrochemistry. In this section, the basic aspects of thermodynamics of electrochemistry 
will be discussed. 
A reduction-oxidation (redox) reaction is defined as a chemical process, during 
which an electron transfer is occurred. The result of the redox reaction is that the oxidation 
states of elements change. Generally, a redox reaction can be expressed as the equation 
below:  
 1 1 2 2Ox Red Ox Red   . (1) 
In this equation, Ox1 is the oxidizing agent, which is the acceptor of electrons. The product 
corresponding to the oxidizing agent is Red2. Similarly, Red1 is a reducing agent, which is 
the donor of electrons. The product corresponding to the reducing agent is Ox2. 
Theoretically, any reactions involving the transfer of redox reaction can be realized by an 
electrochemical cell. In an electrochemical cell, the chemical energy can be transformed 
into electrical energy. The Gibbs free energy (ΔG) of the redox reaction can be expressed 
in the form of an electrochemical cell potential (E): 




In this equation, n is the number of electrons involved in the redox reaction; F is the 
Faradaic constant, which is the amount of charge of one mole of electrons: 
 96485 /AF eN C mol   . (3) 
On the basis of an electrochemical cell, the redox reaction can be separated into 
two half reactions in terms of electrochemistry. Each half redox reaction is processed at 
separated electrodes. The electrode material is mostly in the solid state. The reactants on 
each electrode can be in the solid, liquid, or gaseous phase. To generate a current flow from 
the electrochemical reaction on each half cell, the cathode and the anode are separated by 
an electrolyte, which is ionically conductive. The electrolyte can be in the form of a 
solution, an ionic liquid, a gel, a solid state, or other forms. The process in which the gain 
of electrons occurs is the cathodic reaction: 
 1 2Ox Redne
   . (4) 
The corresponding electrode is a cathode. The process in which the loss of electrons occurs 
is the anodic reaction:  
 1 2Red Oxne
   . (5) 
The corresponding electrode is an anode. Each half reaction has an associated equilibrium 
electrochemical potential. The value of the potential is determined by the Nernst equation. 









   , (6) 
where E0 is the standard electrode potential and a is the activities of reactants and products. 
Once the electrochemical cell forms, the equilibrium electrochemical potential is 




 cell cathode anodeE E E   . (7) 
 
Figure 2-1. A schematic of an electrochemical cell. The components (the cathode, the anode, and 
the electrolyte) and corresponding reactions are labeled. 
On the basis of the schematic configuration of electrochemical cell, various redox 
reactions can be applied to realize electrochemical energy storage and energy conversion. 
With regard to energy storage, for example, the chemical reaction   
 2 2 4 4 22 2 2PbO Pb H SO PbSO H O     , (8) 
can be used for a battery to store electrical energy using PbO2 as the cathode, Pb as the 
anode, and H2SO4 as the electrolyte. When the forward direction of the reaction is 
processed, the electrochemical cell is discharged; the chemical energy is transformed into 
electrical energy. When the backward direction of the reaction is processed, the electrical 
energy is stored in the form of chemical energy. With regard to energy conversion, for 




 2 2 22 2H O H O   , (9) 
can be realized electrochemically by using catalytically active electrodes. The forward 
direction of the reaction leads to the generation of electricity (fuel cells). The backward 
direction of the reaction leads to the generation of fuel and oxygen (electrolytic cell). This 
dissertation will discuss only the energy storage. Specifically, it focuses on two types of 
energy storage, pseudocapacitors, and Li-ion batteries. The details of the pseudocapacitors 
and Li-ion batteries will be discussed in the following sections.   
2.1.2.  Basic physicochemical processes for an electrochemical cell 
Thermodynamic rules, as briefly mentioned in the previous section, describe the 
relationship between a redox reaction and an electrochemical cell as well as the equilibrium 
electrochemical potential without a current flow. As a realistic electrochemical cell 
generates electrochemical current, a variety of physicochemical processes may occur 
(Figure 2-2). The fundamental principles of each process are briefly described in this 





Figure 2-2. Schematics of physicochemical processes associated with an electrochemical cell. 
2.1.2.1. Electronic conduction in an electrode 
When an electric field forms between an electrode and an electrolyte and an 
external electrochemical current is applied or generated, electrons will flow in the opposite 
direction of the electric field. The current density (j) is a function of electronic conductivity 
(σ) and the strength of the electric field (E) 44 : 
 j E  . (10) 
Electronic conductivity varies greatly with the type of material and depends on the band 
gap of an electronic structure.44 For metallic materials, electronic conductivity ranges from 
103-106 S/cm. For carbonaceous materials (e.g., graphene, graphite, and activated carbon), 
σ is generally no less than 101 S/cm. These materials are highly conductive and are often 
contributed as current collectors. However, most metal oxides (e.g., MnO2 and LiCoO2) 
are electronic insulators with electronic conductivity that ranges from 10-3-10-9 S/cm. Some 
metal oxides (e.g., rutile RuO2) are metallically conductive with considerably high 
electronic conductivity (~104 S/cm).45  
2.1.2.2. Ionic transport in an electrode 
Ionic transport in electrodes is applicable only to ionic crystals. The ionic 
conductivity of a particular type of ion (i) is a function of the concentration of mobile 
charge carrier (n), the number of charges (Z), and charge carrier mobility (u) 44: 
 i i i iZ n u e   . (11) 










where kB is the Boltzmann constant, T is the temperature. The diffusion constant is 







  . (13) 
The diffusion of ionic species in bulk electrodes can be generally classified into 
two categories: the vacancy/defect-mediated mechanism and the interstitial site-mediated 
mechanism.44 The value of a diffusion constant depends on a large variety of factors such 
as the types of ions, the structures of ionic crystals, the doping of heteroatoms, and the 
morphologies of electrodes. With regard to the effect of crystal structures, for example, the 
diffusion constant of a Li ion in layer-structured LiCoO2 (10
-10 to 10-8 cm2/s) is generally 
higher than spinel-structured LiMn2O4 (10
-11 to 10-9 cm2/s), partially leading to the higher 
Li-ion conductivity of LiCoO2 (~ 10
-4 S/cm) than LiMn2O4 (~ 10
-6 S/cm). For the same 
crystal structure (e.g., LiCoO2), the diffusivity of Li ions greatly changes with the 
stoichiometry of Li, doping (e.g., Al and Ni), and morphologies (e.g., a thin film or a single 
particle), as demonstrated by various publications.44 On the basis of diffusion, the transport 














 . (14) 
2.1.2.3. Ionic transport in an electrolyte 
As mentioned in Section 2.1.1. , electrolytes for electrochemical cells can be in the 
form of solutions or solid states. A solid-state electrolyte is most likely composed of an 
ionic crystal. The conduction of ionic species in a solid-state electrolyte is exactly the same 
as that in a bulk electrode, as mentioned earlier. A solution-type electrolyte is composed of 




the transport of ions is also controlled by diffusion (Fick’s second law).  Since ionic species 
are dispersed in an isotropic liquid matrix (a solvent) instead of an anisotropic solid matrix 
(a crystalline lattice), the Einstein-Stokes equation, is mostly used to describe the diffusion 





  , (15) 
where η is the viscosity of solvent and r is the radius of the dispersed spherical particles. 
Since the solution-type electrolyte requires ionization and solvation of the dissolved salt, 
the observable ionic conductivity depends not only on the sizes of ions and viscosity of the 
solvent, but also on the concentration, the dielectric constant, and the molecular structure 
of solvent molecules.44 For example, strong electrolytes (such as NaNO3) with a high 
molarity (e.g., 2 M) dissolved in water, which has a high dielectric constant, can offer ionic 
conductivity more than 0.1 S/cm. Also, same type of salt can lead to various conductivity 
values when various types of solvents are used.46 For example, 1 M LiClO4 has slightly 
higher ionic conductivity in mixed solvent of ethylene carbonate/dimethyl carbonate than 
propylene carbonate owing to optimized balance between solvent polarity and viscosity.  
2.1.2.4. Diffusion models of ionic transport 
The ionic transport in both electrodes and electrolytes is governed by diffusion as 
mentioned above and the behavior can be described by Fick’s Law (equation 14), which is 
a partial differential equation. Boundary conditions are needed to fully describe distribution 
of ionic species, which can be expressed by a few diffusion models.43 The following are 
three common models to describe a diffusion process. First, when the concentration of ions 
or species (i.e., C(x)) equals to the concentration of a bulk electrolyte (a constant value) 




when x=∞), such boundary condition is semi-infinite diffusion. This model is often used 
to describe an electrochemical reaction at the electrode surface from the electrolyte (e.g., 
reduction of Fe(III) ion to Fe(II) at an electrode) or ionic intercalation in a very thick 
electrode. Second, if C(x)=C0 at a non-infinite distance from an electrode, the model is 
named finite diffusion. In this case, another boundary condition needs to be concerned.47-
49 When the concentration of ions or species is zero at the electrode surface or at the end of 
an electrode (i.e., C(0)=0), the model is finite length diffusion and often used to describe 
the diffusion in fuel cells where species are completely consumed at the end of an electrode. 
When the surface or the end of an electrode is non-permeating (i.e., dC/dx=0 when x=0), 
the model is finite space diffusion and often used to describe the diffusion of intercalated 
ions into an electrode of which one side is connected to a current collector. Different 
configurations of electrochemical reactions have various models to describe their diffusion 
processes. 
2.1.2.5. Double layer capacitance 
As an electrode and an electrolyte physically contacts, a charge separation across 
the electrode-electrolyte interface instantly forms, which is called double layer effect.43 
The first layer is composed of surface charge of the electrode and adsorbed solvent 
molecules bound on surface. The second layer is composed solvated ions attracted to the 
surface charge resulting from the columbic force. The double layer effect is a non-Faradaic 
process and does not involve a change in oxidation states. Because of the resemblance 
between a classic capacitor, the double layer effect essentially leads to a capacitance where 
charge storage can be realized:  




where Cdl is the normalized double layer capacitance, Q is stored charge, A is the surface 
area of the electrode. Evidently, the total stored charge increases with electrode surface 
area. For the electrode materials with moderate surface area, the charge storage of double 
layer is very limited; the double layer capacitance is mostly considered as surface effect 
that influence electrochemical kinetics rather than energy storage. In recent years, through 
engineering of nanostructures, porous conductive materials with a high surface area (e.g., 
carbonaceous type) have successfully been utilized for the energy storage by maximizing 
the double layer effect (electrochemical double layer capacitance, EDLC).12,24,26,50 Also, 
the EDLCs generally can be charged and discharged with a very high rate, almost 
comparable with classic dielectric and electrolytic capacitors. Thus EDLCs are applicable 
to high power applications. However, the energy density of EDLC is still far less than state-
of-art energy storage devices (e.g., batteries), which will be elaborated in following 
sections of dissertation.   
2.1.2.6. Interfacial reactions 
Despite the double layer effect, at the interface between an electrode and an 
electrolyte, the electrode material, solvent molecules of the electrolyte, and ionic species 
of the electrode and the electrolyte may involve chemical reactions.  Unlike the double 
layer effect, interfacial reactions are redox processes and involve the transfer of electrons. 
Depending on the source of electrons of interfacial reactions, these redox reactions can 
either be spontaneous or can be induced by electrochemical current. On one hand, some 
interface-bound chemical reactions are generally viewed as side-reactions, blocking 
electronic and ionic transport, and should be eliminated as much as possible. On the other 




2.1.2.7. Bulk redox reactions 
On the basis of electronic and ionic transport, the bulk phase of an electrode can be 
electrochemical reduced or oxidized. Generally, bulk-phase redox reactions can be the 
major contributor to the electrochemical energy storage. These redox reactions can be 
classified to different categories and will be discussed in detail in further sections of the 
dissertation.  
2.1.3.  Fundamental principles of electroanalytical techniques  
In order to characterize physicochemical reactions in an electrochemical cell, 
various experimental techniques are needed to describe aspects of these reactions. This 
section briefly describes common electrochemical techniques frequently used for the 
characterization of electrochemical energy storage.43 
 
Figure 2-3. Schematics of control factors as a function of time for (a) cyclic voltammetry, (b) 
galvanostatic charge/discharge, and (c) Impedance spectroscopy. 
2.1.3.1. Cyclic voltammetry 
Cyclic voltammetry is one of the most common techniques to probe the 
thermodynamics and the kinetics of electrochemical reactions. During a cyclic 
voltammetry measurement, the electrode potential is repeatedly scanned as a linear 




process when the potential is scanned positively or negatively is anodic or cathodic process, 
respectively.  
Different electrochemical processes will show various responses of currents as a 
function of potentials. For example, first, for an ideal capacitor, the current will display a 
square shape as a function of electrode potentials (Figure 2-4a). As the scan rate of CV (v) 
increases, the constant current in the CV profile increases linearly (equation (17)) 43: 
 i v  . (17) 
Second, for a redox reaction controlled by semi-infinite diffusion, a pair of current peaks 
will appear. The peaks are as cathodic and anodic peaks, corresponding to cathodic and 
anodic processes, respectively (Figure 2-4b). The average sum of cathodic and anodic peak 
positions often can represent the Nernst potential of the particular electrochemical reaction. 
The peak separation ΔE is determined by the number of electrons of the redox reaction. As 
the scan rate of CV increases, the peak current increases with the square root of the scan 
rate (equation (18)) 43: 
 
1/2i v  . (18) 
Third, for a redox reaction controlled by finite space diffusion with a characteristic 






  . (18) 
If the scan rate v is much lower than the characteristic scan rate v0, the diffusion can be 




CV current increases linearly with the scan rate (equation (17), i.e., the system is reduced 
to a capacitor). If the scan rate v is much higher than the characteristic scan rate v0, the 
diffusion can be considered slow enough that the kinetics is diffusion-controlled. In this 
case, the CV current increases with the square root of the scan rate (equation (18), i.e., the 
system is reduced to semi-infinite diffusion). Otherwise (v is comparable with v0), the CV 
current can be roughly considered proportional to a power function of v, with the power 
index ranges between 0.5-1.  
 
Figure 2-4. Schematics of current response during a CV measurement for (a) a capacitor and (b) 
an electrochemical redox reaction governed by semi-infinite diffusion. 
2.1.3.2. Galvanostatic measurements 
As a supplementary method for cyclic voltammetry, galvanostatic tests are also 
often used to evaluate behavior of electrochemical processes. The electrode potential is 
monitored when a constant current is applied (Figure 2-3b). During a galvanostatic test, 
the electrode potential is controlled within a potential window. In most occasions, the 
amount of charges applied during the cycling between a potential window can be calculated 
to evaluate performance of charge storage.  




Impedance spectroscopy is a powerful tool to study thermodynamics and kinetics 
of electrochemical reactions. A schematic of an impedance spectroscopy measurement is 
shown in (Figure 2-3c). Generally, the electrode potential is controlled at a constant DC 




t t tE E E E E e
    . (19) 
In this equation, ω is the angular frequency of the AC potential. During an impedance 
measurement, the current is observed as a sum of a DC (I0) and an AC current (It): 
 
0 tI I I   . (20) 
The complex impedance Z is: 
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I
        , (21) 
where φ is the phase angle of the impedance. The complex impedance can be separated 
into a real part (Z’) and an image part (Z’’). The real part and the imaginary part can be 
plotted together, which a Nyquist plot.  
In order to analyze the kinetics of electrochemical reactions, each elementary 
process can be simulated by a number of equivalent circuit elements. For a resistor (R), the 
impedance is always a constant. The phase angle is 0o: 
 Z R . (22) 





  . (23) 













where ωs/rad is the dimensionless frequency. Constant phase elements are often used to 
describe the double layer capacitance of a rough surface. Also, when P is 0.5, CPE can be 
used to describe the semi-infinite diffusion process. In this case, the phase angle is 45o. For 











 . (25) 
When P is 0.5, the finite space Warburg can be used to describe the finite space diffusion. 
At high frequencies, the phase angle is roughly 45o; at low frequencies, finite space 
Warburg element is similar with a capacitor with an approximate phase angle of 90o. For 











  . (26) 
When P is 0.5, the finite length Warburg can be used to describe the finite length diffusion. 
At high frequencies, the phase angle is roughly 45o; at low frequencies, finite space 
Warburg element is similar with a resistor with an approximate phase angle of 0o. Figure 
2-5 describes Nyquist plots of common equivalent circuit elements. These elements can be 





Figure 2-5. Schematics of Nyquist plots for different elements. (a) a resistor, (b) a resistor and a 
capacitor in series, (c) a resistor and a capacitor in parallel, (d) a constant phase element with a 
phase angle of 45o, describing semi-infinite diffusion. (e) a finite space Warburg element (f) a finite 
length Warburg element. 
2.1.4.  Electrochemical energy storage  
As mentioned in Section 2.1.1. and Section 2.1.2. , electrochemical reactions and 
the associated physicochemical processes can lead to stored electrical energy. Through 
proper selection and engineering of electrode materials, an energy storage device can be 
constructed. Stable electrochemical storage must obey the rule that the chemical potentials 





Figure 2-6. A schematic energy level diagram of a stable electrochemical energy storage device. 
During an operation of an electrochemical storage device, the chemical potential of 
each electrode may change. Chemical potentials of electrodes should be always higher than 
the HOMO (highest occupied molecular orbital) energy level and lower than the LUMO 
(lowest unoccupied molecular orbital) energy level of the electrolyte. Otherwise the 
electrolyte will be oxidized or reduced electrochemically or simultaneously, leading to 
instability of the electrochemical energy storage device.  
2.1.4.1. Fundamental configurations of Li-ion batteries  
When both electrodes utilize bulk redox-active materials for energy storage, the 
device is called a battery. A basic configuration of a battery can be essentially described as 
Figure 2-1, which includes a cathode, an anode, and an electrolyte.24,57,58 If the redox 
reaction is reversible, the battery can be recharged, which is a secondary battery. Through 




successful, such as Ni-MH batteries, lead-acid batteries, and Zinc-carbon batteries. Among 
all types of existing rechargeable batteries, Li-ion batteries have a great perspective owing 
to a few currently irreplaceable merits.16,17,58 A schematic configuration of a Li-ion battery 
is shown in Figure 2-7. 
 
Figure 2-7. A Schematic of a Li-ion battery during a discharge process.  
The cathode materials of Li-ion batteries are mostly transitional metal oxide-based, 
including LiFePO4, LiMO2 (M=Mn, Co, Ni, and Al), and LiM2O4 (M=Mn and Ni).
15,59 The 
Nernst potentials of these cathodes approximately range from 3-4.5 V vs Li+/Li (or 0-1.5 
V vs Standard Hydrogen electrode approximately). For anode materials, graphite is most 
often used with an electrochemical potential about 0.2 V vs Li+/Li (approximately -3.0 V 
vs Standard Hydrogen electrode).  In recent years, a few novel electrode materials were 
developed, such as sulfur and silicon.18,60 For electrolyte solvents, non-aqueous solvents 
are generally used.46,61 The most common solvent is the 1:1 mixture of ethylene carbonate 




include LiPF6, LiClO4, LiBF4, and other types. During the discharge process (Figure 2-7), 
Li ions deintercalate from anode bulk material along with the oxidation of the anode. At 
the same time, Li ions intercalate into the bulk cathode along with the reduction of the 
cathode. The charge process is the reverse of the discharge process. The Nernst potential 
of each electrode usually determines the Li intercalation potential of which charge is 
stored/released. The theoretical specific capacity of each electrode is determined by the 
number of electrons involved in the redox reaction per formula (n) and the molar weight 





  , (27) 
where F is the Faraday constant (96485 C/mol). 
The characteristics of Li-ion batteries mentioned above essentially contribute to a 
number of merits. First, as a result of the low redox potential of Li-ion battery anodes, a 
high working voltage can be achieved. Also, owing to the low molecular weight of 
electrode materials, the specific capacities of Li-ion batteries are pretty high. Moreover, 
Li-ion batteries have low memory effect and self-discharge. In recent years, through 
developments of nanotechnologies, performance and reliability of Li-ion batteries are 
being progressively optimized. 
For evaluations of capacity for a Li-ion battery, galvanostatic cycling is often 
applied. By applying a constant positive/negative current (I), the potentials of electrodes 
are repeatedly charged/discharged between a potential window. The charge/discharge 
capacity can be easily derived from the product of the charge/discharge current and the 
charge/discharge time (t): 




Also, cyclic voltammetry is also commonly used to determine the lithiation potential from 
the CV peak positions and corresponding currents. The integration of the CV current over 
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Moreover, to evaluate the kinetics of Li-ion batteries at different conditions (e.g., open 
circuit, charge, and discharge), impedance spectroscopy is frequently used as well. To 
interpret the impedance data, the equivalent circuit (Randle’s circuit, Figure 2-8) can 
interpret electrode kinetics reasonably.62  
 
Figure 2-8. Randle’s circuit as an equivalent circuit for a Li-ion battery 
In the Randle’s circuit, Rohm represents the Ohmic resistance of the electrode and 
the electrolyte. CPE represents the double layer capacitance of electrode-electrolyte 
interface. Rct is the charge transfer resistance for redox reactions. Wo is the open Warburg 
element to describe the ionic diffusion process. In recent years, other types of equivalent 
circuits based on the modification of Randle’s circuit are proposed to simulate the Li-ion 
battery kinetics more accurately. Through fitting of this equivalent circuit, the value of 
each circuit element can be obtained, thus generating important kinetic information of the 
Li-ion battery.  
2.1.4.2. Fundamental configurations of electrochemical capacitors  
In recent decades, electrochemical capacitors gradually emerged as a new type of 




capacitors are much higher than those of conventional capacitors, electrochemical 
capacitors are also named as supercapacitors. Unlike batteries, which have a defined 
cathode and an anode, capacitors (including supercapacitors) use symmetric electrodes, the 
capacitance of a capacitor is defined as the amount of charges it can store in a particular 








 . (30) 
The first type of electrochemical capacitors is named as electrochemical double 
layer capacitors, which utilize the electrochemical double layer effect without involving a 
Faradaic process (Figure 2-9 left), generating capacitor-like electrochemical behavior 
similar with Figure 2-4a (a rectangular CV profile).25,26 Owing to the rapid developments 
of nanotechnology, various conductive materials (especially carbonaceous materials) with 
extraordinarily high surface area have been fabricated, such as activated carbon, carbon 
nanotubes, and graphene.24,64-68 When applied as supercapacitors, these materials exhibit 
impressive capacitance values. Since formation/release of electrochemical double layer 
capacitance is much faster than charge-transfer of a redox process, EDLCs can store/release 
charges in a much faster rate than batteries. However, since EDLC doesn’t involve redox 
reactions, the amount of charges EDLC can store generally is generally not higher than 
batteries. Also, because of the same reason, EDLCs usually don’t have a defined theoretical 





Figure 2-9. Schematic configurations and operation of an EDLC (left) and a pseudocapacitor (right) 
The second type of electrochemical capacitors is called pseudocapacitors (Figure 
2-9b). The term “pseudocapacitor” was firstly named for a few charge storage systems 
through surface-bound reversible redox reactions.24,27,69,70 Electrochemically, these 
surface-bound redox reactions behave similar with capacitors. Since its charge storage is 
not capacitive intrinsically, the prefix “pseudo” is added. The first renowned 
pseudocapacitive material is ruthenium oxide (RuO2), which is operated under acidic 
electrolyte solutions.69,70 During an operation of a RuO2-based pseudocapacitor, one RuO2 
electrode is oxidized with an increased oxidation state of Ru: 
 2 - 2- -x x yH RuO yH ye H RuO
    ; (31) 
another RuO2 electrode is reduced with a reduced oxidation state of Ru: 
 2 + 2+ +x x yH RuO yH ye H RuO




As the direction of current flow is flipped, the roles of two electrodes can be switched, 
leading to the symmetric capacitor-like electrical energy storage. Since the discovery of 
RuO2-based pseudocapacitive energy storage, other transition metal-oxide materials were 
applied as pseudocapacitors to lower the cost. For most pseudocapacitive materials, unlike 
batteries of which charge storage is processed near a stable electrochemical potential 
(Nernst potential), the redox reactions for pseudocapacitors (e.g., equation (31) and (32)) 
usually don’t have well-defined Nernst potentials, making the charge storage occurs within 
a wide range of potentials. This characteristic makes behavior of pseudocapacitors very 
similar with that of conventional capacitors and EDLCs. The theoretical specific 







 , (33) 
where ΔE is the potential window of the pseudocapacitive electrode.  
For evaluations of performance of a supercapacitor, similar with Li-ion batteries, 
galvanostatic cycling is mostly often applied to calculate capacitance values. As mentioned 
above, since both EDLCs and pseudocapacitors don’t have a defined potential for charge 
storage, the unit capacitance is used instead of capacity, to evaluate the amount of charges 








 . (34) 
Aside from galvanostatic cycling, CV measurements can characterize behavior of 
supercapacitors feasibly. According to equation (30), the capacitance value as a function 











The total capacitance value can be calculated by integrating the CV profile similar with 















.  (36) 
In addition, impedance spectroscopy can be used to probe the kinetics of a supercapacitor. 
One common type of equivalent circuit is to add one capacitor element after a Randle’s 
circuit to simulate the charge storage contribution from a supercapacitor (Figure 2-10).71,72 
Through equivalent circuit fitting, the value of each element can be obtained.  
 
Figure 2-10. A common equivalent circuit for a supercapacitor. 
2.2.  Fundamentals of Raman spectroscopy 
2.2.1.  Basics of spectroscopy 
Spectroscopy is based on the interaction between light and matter. During the 
interaction process, properties of incident light change, offering information about 
properties of the matter.73 Light is subject to wave-particle duality, which makes light both 
an electromagnetic wave and a particle (photon). The energy and momentum of a photon 
are solely determined by the wavelength of the photon (electromagnetic wave): 
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   . (40) 
In these equations, E, p, λ, and υ are the energy, the momentum, the wavelength, and the 
frequency of a photon respectively; h and c are the Planck constant and speed of light 
respectively. Electromagnetic waves with certain ranges of wavelengths are designated as 
different categories. As the most important range for spectroscopic study, the wavelength 
of visible light ranges from 400 nm to 750 nm, for Infrared light, it ranges from 750 nm to 
1mm, for ultraviolet light, it ranges from 10 nm to 400 nm.  
2.2.2.  Principles of molecular and crystalline vibration.  
As a category of spectroscopy, vibrational spectroscopy is the study of interaction 
between electromagnetic waves and vibrational properties of matter.73 In this section, the 
fundamental concepts of vibrational spectroscopy, which is vital to this dissertation, will 
be briefly discussed.  
2.2.2.1. Vibration of a diatomic molecule 
A diatomic molecule is the simplest case to describe fundamental principles of 
molecular vibration (Figure 2-11). In this model, only one vibration mode, which is along 
the axis of diatomic molecule, can exist. The vibration of this diatomic molecule can be 
approximated as a harmonic oscillator. The force applied to each molecule is proportional 
to the displacement of each atom from its equilibrium position.  
 




Under harmonic oscillator approximation, the energy of the harmonic oscillator (i.e., 
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     , (41) 
where H is the Hamiltonian of the oscillator, m is the mass of the atom, p is the momentum 
of oscillator, x is the displacement. By solving the Schrödinger equation: 
 ( ) ( )H x E x

    , (42) 
the eigenvalues of vibrational energy are discrete levels (e.g., energy levels) instead of a 
continuous distribution73 : 
 0
1
( ) ( )
2
E n n   . (43) 
The energy levels are evenly spaced with a constant value ħω0. The ω0 is the intrinsic 
property of the molecule. The harmonic oscillator approximation is a rough model to 
describe vibrational behavior. Other more complicated models can describe vibrational 
properties more accurately, leading to a few correction terms for equation (43).  
2.2.2.2. Vibration of a 1D crystal 
The combination of atoms with periodic translation symmetry essentially forms a 
crystal. The simplest model for crystal vibration is a 1D atomic chain with a constant 
equilibrium distance,74 which can be considered as an infinite expansion of a diatomic 





Figure 2-12. A schematic of a 1D crystal under harmonic oscillator approximation. 
Since a primitive cell contains only one atom, only one vibration mode exists in the 
primitive cell (Figure 2-12). The entire 1D crystalline vibration can also be considered as 
propagation of this vibration mode of a primitive cell, leading to lattice vibrational waves 
with a wavelength λ and a frequency ω (Figure 2-13). Because of the particle-wave duality, 
the wave of the propagation of a vibrational mode is also considered as a particle, which is 
called a phonon.74 
 
Figure 2-13. A Schematic of a phonon formed by vibration of a 1D crystal with a wavelength λ. In 
this figure, q is the wave vector of the phonon. 
The correlation between phonon frequencies and wavelengths is called a phonon 
dispersion relation 74: 
 = ( )phonon q   , (44) 









  . (45) 
The phonon dispersion relation is an intrinsic property of a particular phonon. The 
momentum of phonon is: 
 p q  . (46) 
Under harmonic oscillator approximation, the phonon dispersion relation of a 1D atom 
chain is roughly shown in Figure 2-14. When q=0 (the wavelength is infinity, the 
momentum is zero, all atoms vibrate with same a direction and an amplitude), the 
frequency is zero.  
 
Figure 2-14. A phonon dispersion relation of a 1D crystal with harmonic oscillator approximation. 
In a phonon dispersion relation, each point on the phonon dispersion relation 
represents a phonon. For each phonon, the energy is also a series of discrete energy levels. 
On the basis of harmonic oscillator approximation, the energy of a particular phonon is 
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phonon phononE n n    . (47) 
For a 1D atom chain with two different atoms, the primitive cell has two atoms. 
The linear combination of the coordinations of the two atoms can form two mutually 
independent (i.e., orthonormal) vibration modes.74 If neighboring atoms vibrate with the 
same direction, the mode is an acoustic mode (Figure 2-15). If neighboring atoms vibrate 
with the opposite direction, the mode is an optical mode (Figure 2-15). The propagation of 
the two vibration modes gives rise to two lattice waves (phonons), which are acoustic 
phonons and optical phonons (Figure 2-16). Under harmonic oscillator approximation, 
rough phonon dispersions of an optical phonon and an acoustic phonon for a 1D atom chain 
are shown in Figure 2-17. When q=0, (i.e., infinite wavelength), optical phonons have the 
maximized energy (frequency) whereas energies (frequency) of acoustic phonons are zero.  
 
Figure 2-15. A Schematic of two phonons formed by vibration of a 1D crystal with two atoms in 





Figure 2-16. Schematics of an acoustic phonon and an optical phonon formed by vibration of a 1D 
crystal with two atoms in one primitive cell. The wavelength is λ. 
 
Figure 2-17. Phonon dispersion relations of a 1D crystal with two atoms in one primitive cell under 




As a summary of the fundamental concepts discussed in this section, energy of 
molecular/crystalline vibration is quantized. For crystalline vibration, the vibration forms 
a wave (phonon) with specific relations between frequencies and wavelengths. In the next 
section, vibration of 3D molecules and 3D crystals, which can represent the realistic 
molecules and crystals more accurately, will be discussed.   
 
2.2.2.3. Vibration of a 3D molecule and a crystal: Degree of freedom 
For a diatomic molecule mentioned above, vibrational motions can be described by 
a single coordinate (the displacement from the equilibrium position). Therefore, the energy 
of a system has only one variable, which leads to a single series of energy levels. For a 1D 
crystal, the case is similar, and the single coordinate, which describes the vibration in one 
primitive cell, propagates as a wave. For the case of a 1D atom chain with two atoms in 
one primitive cell, vibrational motions can be separated into two independent modes (i.e., 
acoustic and optical) through linear combination of the coordinates of the two atoms.  
For a molecular system or a primitive cell that contains N atoms (atom number: 
1...N), vibrational motions cannot be feasibly described as the mutually independent (i.e., 
orthonormal) vibration modes, since the potential energy of a particular atom is intertwined 
with that of other atoms. To describe the vibrational behavior, the degree of freedom (DOF), 
which is the number of independent coordinates involved in vibrational motions, needs to 
be analyzed first. For a three-dimensional molecule, every atom (i) in the molecule can 
move three dimensionally (xi, yi, zi). Therefore, 3N independent coordinates are needed to 
fully describe the whole system. Since the entire molecule can move and rotate freely as a 
whole, three independent coordinates are needed to describe the translational movements. 




non-linear and linear molecules, respectively. Therefore, the degree of freedom (DOF) of 
vibrational motions for a molecule with N atoms is 34,35,73,75,76: 
 
3 6 ( )
3 5 ( )
vibration
vibration




.  (48) 
For the case of a three-dimensional crystal, a primitive cell has N atoms. A crystal doesn’t 
have translational or rotational movement. All of the DOF belongs to vibrational motions. 
Three independent coordinates are needed to describe the vibrational motions of which 
atoms in one primitive cell move with a same direction. Thus the acoustic modes have a 
degree of freedom of 3: 
 3acousticDOF  . (49) 
The rest of DOF belongs to optical modes 34,35,74-77: 
 3 3opticalDOF N  . (50) 
2.2.2.4. Symmetry and normal modes of 3D molecules/crystal 
On the basis of principles of DOF mentioned above, multiple coordinates (x1…xDOF) 
are needed to describe vibrational behavior. Through a coordinate transformation, the 
atomic coordinates (x1…xDOF) can be transformed to a series of normal coordinates 
(Q1…QN) to make the kinetic energy and potential energy of each normal coordinate 
mutually independent. The principles of the coordinate transformation process will be 
briefly discussed.  
For a 3D molecule, the bonding between each atom may makes the spatial 
distribution of atoms has a symmetry property. In this case, the structure of the entire 
molecule belongs to a point group. As a simplest example, a water molecule belongs to 




(i), reflection (σ), rotation (C).78 Under the confinement of a particular point group, a series 
of irreducible representations of a particular point group can be considered as the normal 
coordinates, which are orthogonal and complete. Each irreducible representation has a 
character for each symmetry operation, which leads to a character table. The character 
value of one irreducible representation is the sum of diagonal elements of a matrix form of 
the irreducible representation. Depending on the number of independent variables of each 
irreducible representation (e.g., dimension), an irreducible representation can be one 
dimensional (A or B, symmetry or anti-symmetry with respect to a principal axis, 
respectively), two dimensional (E), or three dimensional (T). Subscript g or u (symmetry 
or anti-symmetry with respect to an inversion center, respectively), subscript 1 or 2 
(symmetry or anti-symmetry with respect to a reflection plane, respectively), and 
superscript ' or '' (symmetry or anti-symmetry with respect to a non-principal axis, 
respectively) are often added to describe symmetry properties.78 For example, the character 
table of the C2v group is:
79 
Table 2-1. An example character table (C2v) 
C2v(mm2) # E C2 σy σx functions 
A1 Γ1 1 1 1 1 z, x2, y2, z2 
A2 Γ3 1 1 -1 -1 xy, Jz 
B1 Γ2 1 -1 1 -1 x, xz, Jy 
B2 Γ4 1 -1 -1 1 y, yz, Jx 
 
In this table, A1, A2, B1, and B2 are irreducible representations. E, C2, σy, and σx are 
symmetry operations. Each irreducible representation may have corresponding linear 




molecule (Γ, i.e., the movements of the 3D molecule in Cartesian or other coordinates, 




a  . (51) 
Each irreducible representation can be considered as a mode of movement (e.g., a 
vibrational mode, Q). The energy of each mode (kinetic and potential) is mutually 
independent. The coefficient of a particular irreducible representation (aΓ) can be obtained 








     . (52) 
For example, the 3D movements of a water molecule (DOF=9) are: 
 
2H O 1 2 1 2
=3A +A +2B +3B  . (53) 
Any movements of a water molecule can be considered as the sum of these normal modes. 
Each mode (irreducible representation) can be visualized (Figure 2-18). Water molecule 





Figure 2-18. Visualization of normal modes of a water molecule.  
For the vibration of a 3D crystal, the analyses of normal modes are essentially the 
same, except a crystal doesn’t have translational and rotational motions. The combination 
of a point group symmetry with a translational symmetry leads to a space group 
symmetry.74 The motions of each Wyckoff position can be deduced to a series of 
irreducible representations (normal modes), same with equation (52) and (51). Then a sum 
of irreducible representations for all Wyckoff positions give rise to the vibration modes of 
the crystal. 75-77 For example, crystalline silicon has Td point group symmetry and Fd-3m 
space group symmetry. The primitive cell has two Si atoms (DOF=6). Si atoms locate at 
Wyckoff position 8a. Therefore, atomistic motions of Si can be described as a sum of two 
irreducible representations (e.g., normal modes Q1 and Q2): 




where Q1 corresponds to T1u (an acoustic mode) and Q2 corresponds to T2g (an optical 
mode).  
2.2.2.5. Vibration energy levels of 3D molecule/crystal 
As mentioned above, a coordinate transformation of a 3D molecule and a 3D crystal 
can describe the movements as a sum of normal modes. Since the energy of each normal 
mode is mutually independent, the Schrodinger equation of the system is: 
 1 1( ... ) ( ... )N NH Q Q E Q Q

   . (55) 
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i i i iE n n   ; (56) 
the energy level of a mode i for a 3D crystal is: 
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i i phonon i i phononE n n    . (57) 
The value of the characteristic frequency of each normal mode (for a 3D molecule) and the 
function of the phonon dispersion of each normal mode (for a 3D crystal) are intrinsic 
properties of the molecule or crystal. The energy of the system can be considered as the 
sum of energy of each vibration mode.  
2.2.3.  Raman scattering theory 
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Most molecules are at the ground state (ni=0) according to Bose-Einstein distribution; a 
small amount of molecules are at the first excitation state (ni=1). When a molecule is 
scattered by an incident photon, the molecule can be excited to a virtual state then transit 
back to a higher vibrational energy state; generating a scattered photon. Also, a molecule 
at the first excited state can be excited to a virtual state and transit to the ground state. The 
scattering process is called Raman scattering.31-33 Under harmonic oscillator approximation, 
the change of the vibration quantum number must be ±1 73: 
 1in   . (59) 
During this process, the energy of the scattered photon will change in a unit of ħωi : 
 
incident scattered iE E E      . (60) 
Transition from (ni=0 to 1) is named Stokes scattering; transition from (ni=1 to 0) is called 
Anti-Stokes scattering. Also, the scattering process may not lead to change of energy state, 
which is called Raleigh scattering. Raleigh scattering has a much higher probability than 
Stokes and Anti-Stokes scattering do. The schematics of the three scattering processes are 
shown in Figure 2-19. It should be noted that Δni=±1 is applicable only to harmonic 
oscillator approximation. For a realistic molecule or crystal, Δni=±2 is occasionally 
observed (ΔE=2ħωi) with a much lower probability than normal Stokes scattering, which 





Figure 2-19. Schematics of light scattering processes with a normal mode Qi. Left: Anti-Stokes 
scattering. Middle: Raleigh scattering. Right: Stokes scattering. 
Besides the schematics mentioned above, Raman scattering processes can be 
described mathematically. During a scattering process, an oscillating electric field of 
incident photons (E) can lead to an oscillating polarization of a molecule 34,35: 
 P E , (61) 













 . (62) 
The polarizability tensor is an intrinsic property of the molecular vibration; it can be 
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Since the vibration of a normal mode (Qi) is also in a form of wave with a frequency ωi. 
The oscillation of polarization of a molecule as a result of an electromagnetic wave with 
frequency ω is: 
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 . (64) 
Equation (64) describes a Raman scattering process mathematically. The first term 
contributes to the oscillation of polarization with same frequency of incident 
electromagnetic wave, which corresponds to Raleigh scattering. The oscillations of 
polarization with frequencies ω +ωi and ω -ωi correspond to Anti-Stokes and Stokes 
scattering, respectively. Obviously, for a normal mode Qi, the requirement for being Raman 
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The derivative of the polarization tensor α to a normal mode Qi is defined as the Raman 
tensor αi′. The value of each element of the Raman tensor for a particular normal mode Qi 
is an intrinsic property of the material (similar with characteristic frequency ωi). The 
intensity of Raman scattering can be considered generally proportional to the square of 
Raman tensor. Also, the intensity is proportional to ω4 (ω: incident photon frequency) and 












 . (66) 
The determination of Raman activity of a normal mode can be analyzed through a character 




function in the character table, then the Raman tensor is not equal to zero theoretically 
(Raman active). On the other hand, if a particular mode has an associated linear function, 
then this mode is IR active (IR spectroscopy will not be discussed in this dissertation).  In 
addition, if the point group has an inversion center, a normal mode cannot be both Raman-
active and IR-active. 34,35 
According to the equation (61), the polarization direction of scattered photons 
(vector P) is dependent on each value of a Raman tensor. The diagonal elements of a Raman 
tensor will keep the polarization direction of scattered photons same as that of incident 
photons, while non-diagonal element will make the polarization direction of scattered 
photons different from that of incident photons. On the basis of this rationale, Raman 
scattering can be performed with a particular configuration, which defines the propagation 
direction and the polarization direction for both incident and scattered light. The notation 
of such configuration is: 
 ( )Notation A ji B  , (67) 
where A and B are propagation directions of incident and scattered light, respectively; j 
and i are polarization directions of incident and scattered light, respectively. In this 
configuration, the intensity of Raman scattering for a particular normal mode Qi is: 
 
2
'iji i i jI e e    . (68) 
Based on equation (68), a helpful deduction can be achieved for Raman scattering of 
molecules, which are generally isotropically oriented. In this case, similar to polarizability 
tensor, Raman tensor of a mode Qi can be divided to contributions of an isotropic part (αi′
s) 
and an anisotropic part (αi′
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To evaluate the change of the polarization direction for Raman scattering, the 
polarization direction of scattered photons (i) can be adjusted perpendicular or parallel to 



















 . (70) 
Obviously, according to equation (69) and equation (70), if the anisotropic part αi′
a
 is zero 
(i.e., the Raman tensor is a diagonal matrix and elements are equal, αi′
a=0), polarization 
direction of Raman scattered photons is same as that of incident photons (i.e., 
depolarization ratio=0). If the isotropic part αi′
s is zero (i.e., Raman tensor has no diagonal 
elements, αi′
s=0), Raman scattered photons are completely depolarized (i.e., the 
depolarization ratio is maximized). If both isotropic part and anisotropic part are non-zero, 
the Raman scattered photons will get depolarized to a certain degree but not completely 
depolarized. Therefore, for molecular samples, a rough Raman band assignment judging 
from the elements of Raman tensors can be made on the basis of polarized Raman 
experiments. 
 For the Raman scattering of a crystal, besides the rules mentioned above (Stokes 
scattering, Raman tensors of normal modes, polarization of Raman scattering), the phonon 
dispersion relations needs to be considered,74 since vibrations in primitive cell propagate 




(ħq). According to the rule of momentum conservation, photon(k)-phonon(q) scattering 
can occur only when their wavelengths are comparable (i.e., k ≈ q). Since wavelengths of 
visible light (~10-6-10-7 m) are generally orders higher than those of  primitive cell sizes 
(~10-10 nm), an incident photon (using visible light) can scatter only with a long-wavelength 
phonon (i.e., the phonon has low momentum, q≈0). Therefore, only phonons near the center 
of the Brillouin Zone (Γ-point) can involve with Raman scattering.74 Phonon modes in 
other parts of a dispersion curve (i.e., phonons with shorter wavelengths, not near Γ-point) 
can be probed using incident photons with shorter wavelengths (e.g., X-ray and neutron).  
For the Raman scattering of crystals (solid-state materials), a few implications can 
be made on the basis of the above-mentioned principles. First, generally, since solid state 
materials can be fabricated as single crystals with specific orientations, according to 
equation (68), scattered light of a normal mode with non-diagonal Raman tensor elements 
will be depolarized, which offers an approach to determine the value of each element of 
Raman tensors. For randomly oriented polycrystalline materials, determination of 
polarization properties is same as that for molecules (equation (69) and equation (70)). 
Another implication is that most metallic crystals are not Raman active. For a metallic 
crystal, its crystalline structure is often very simple (e.g., FCC). Only one atom exists in 
one primitive cell, making all DOF belongs to acoustic modes. As mentioned above, for a 
space group with an inversion center, acoustic modes are not Raman-active. Even if the 
associated space group doesn’t have an inversion center, frequencies of acoustic modes 
near Γ point are zero, which cannot lead to changes of energy of scattered photons.  




On the basis of fundamentals of Raman scattering mentioned above, frequencies of 
scattered photons are depicted as the difference with the frequency of incident photons, 
named Raman shift: 
 incident scatteredRaman shift     . (71) 
To properly determine Raman shift values, incident light should have a fixed frequency 
(e.g., monochromatic). Besides the position (characteristic frequency ωi) and intensity 
(Raman tensor values) of a normal mode Qi, for a realistic Raman spectrum, the intensity 
profile needs to be concerned. The scattering of the mode Qi will experimentally lead to a 
Raman band corresponding to Qi. Sum of all Raman bands contributes to a Raman 
spectrum. Theoretically, for a Raman-active normal mode Qi, the intensity of Raman band 













 . (72) 
The profile is a peak with maximum intensity at ωi, the full width half maximum (FWHM) 
is: 
 
L LFWHM 2   . (73) 
For a realistic case, the peak profile can be broadened because of different factors (e.g., 
material disorder, instrumentation issues, etc.). The broadening effect can be depicted by a 















 . (74) 
The full width half maximum is: 




The two types of profiles (Gaussian and Lorentzian) with a same FWHM are compared in 
Figure 2-20. For a realistic Raman peak, the broadening effect can be considered as a 
convolution between a Gaussian function and a Lorentzian function 82: 
 ( ', ) ( ' ', ) 'G LI G L d   


     . (76) 
 
Figure 2-20. Schematics of a Lorentzian and a Gaussian profile centered at ωi with a same band 
width. 
Thus, based on the fundamental principles mentioned above, Raman scattering of 
vibrational normal modes of molecules and crystals leads to a Raman spectrum; aspects of 
a Raman spectrum (positions, intensities, and profiles) are closely related to material 
properties, which offers theoretical support of this dissertation.  
2.2.5.  Resonance Raman and Fluorescence 
During the Raman scattering process, photon excitations may lead to other types of 




Raman scattering. Probability of Stokes scattering is very low, since the virtual state 
doesn’t exist physically (Figure 2-21 left). However, if the incident photon frequency is 
properly tuned, a molecule/crystal can be excited to a real state (most likely a particular 
vibrational level of a different electronic state  (i.e., a vibronic state Figure 2-21 middle). 
Probability of Stokes scattering will be greatly enhanced. This process is named as 
Resonance Raman scattering.83 To probe a proper excitation wavelength, an UV-Vis 
absorption spectrum can be measured first to analyze the proper frequency range, which 
can lead to a significant electronic state transition.  Utilizing incident photons with a 
matched frequency with the electronic state transition frequency can potentially lead to a 
strong Resonance Raman enhancement. On the other hand, if a molecule/crystal is excited 
to a different vibronic state (e.g., Figure 2-21 middle), vibration energy relaxations, internal 
conversions, and intersystem crossings may occur and the molecule/crystal may transit 
from the first excited electronic state to the ground state, generating photons with a wide 
range of frequencies (fluorescence, Figure 2-21 right).83,84 The fluorescence effect is 
unfavorable for Raman spectroscopic study since the fluorescence frequencies and Raman 
frequencies may overlap. By choosing high-wavelength or low-wavelength incident 
photons, the fluorescence effect can be avoided or pushed away from Raman effect, 
respectively. Therefore, to utilize the resonance Raman effect and minimize the 





Figure 2-21. Schematics of non-resonance Raman, resonance Raman, and fluorescence.  
2.2.6.  Surface-enhanced Raman spectroscopy 
Surface-enhanced Raman spectroscopy is an efficient tool to enhance Raman signal 
of materials. The fundamental concepts of surface-enhanced Raman spectroscopy were 
found and developed in the 1970s.85,86 For a nanoparticle or a rough surface made of noble 
metal (e.g., Au and Ag), free electrons usually have high mobility. The oscillation of an 
electric field with a particular frequency (i.e., a photon) can lead to the oscillation of free 
charges of rough surface and nanoparticles. This process can be interpreted as an incident 
photon excites a local surface plasmon of a rough surface or a nanoparticle, or can be 
interpreted as an incident electromagnetic wave is in resonance with a local surface 
plasmon (LSPR), which leads to an enhanced local oscillating electrical field. At a 
particular frequency, the degree of resonance is maximized, leading to the maximized 
intensity of the local electromagnetic field. A schematic diagram of an excitation of local 





Figure 2-22. A schematic of an excitation of local surface plasma and an enhancement of a local 
electrical field by a noble metal nanoparticle. 
If a material is in the vicinity of a nanoparticle or a rough surface, when the incident 
photon frequency is in resonance with the surface plasma frequency, the enhanced 
electromagnetic field will significantly enhance the Raman intensity (equation (64)). This 
method, which utilizes local surface plasmon resonance (LSPR) effect, is named surface-
enhanced Raman spectroscopy (SERS). When a probed material is of extremely low 
amount or has extremely low Raman activity, SERS is a very powerful tool to realize 
efficient Raman analyses of the probed material.  
2.3.  Fundamentals of in operando Raman spectroscopy 
Based on the fundamental concepts discussed in the previous section, vibrational 
structures of a particular type of material are intrinsic properties: the structure of the 
material determines the number of Raman-active normal modes, characteristic frequencies 
of normal modes, and Raman tensor values of each normal mode. These vibrational 
features will be translated to the number, positions, and intensities of Raman bands. Also, 
a particular material will have certain degree of other effects (e.g., disorders), which will 




In terms of dynamics of structural evolution, when the structure of a material is 
changed as a result of an external or an internal source, these changes will influence 
vibrational properties consequently. To be specific, if the structural evolution generates 
new Raman-active normal modes, changes Raman-active normal mode frequencies, 
changes Raman tensor values of each mode, or changes the degree of disorder, 
experimentally, new Raman bands, shift of Raman band positions, changes of relative 
Raman band intensities, and changes of Raman band profiles, will be observed, 
respectively. The correlation between spectroscopic properties and structural properties 
makes Raman spectroscopy applicable under operating conditions for an electrochemical 
energy storage device, which is in operando Raman spectroscopy. In this dissertation, in 
operando Raman spectroscopy is focused on the operation of pseudocapacitors and Li-ion 
batteries. The schematic diagram of the in operando Raman spectroscopic setup is shown 





Figure 2-23. A schematic diagram of the in operando Raman spectroscopic configuration used in 
this dissertation. 
As an electrochemical operation is applied to an electrode, the electrochemical 
reactions may lead to various structural changes; the spectroscopic evolution is a function 
of electrochemical parameters (potential E, current I, charge Q, time t, and etc.) : 
 ( , ) ( , , , ,....)I n f E I Q t  . (77) 
In this function, I(ω,n) is the spectroscopic evolution while ω is the Raman shift frequency 
and n is the number of spectra. By carefully analyzing spectroscopic features, detailed 
structural changes can be unraveled, meeting the objective of mechanism probing of Li-
ion battery and pseudocapacitive materials. Moreover, the information of different 




correlated to electrochemical properties, which can offer valuable quantitative 





3. EXPERIMENTAL APPROACHES 
3.1.  Electrochemical measurements 
The fundamental concepts of electrochemical analytical methods were briefly 
introduced in Section 2.1.3. To realize electrochemical measurements, the practical 
electrochemical cell configurations need to be considered.43 Figure 3-1 shows the 
schematic configurations of two common types of measurements. To accurately evaluate 
properties of a specific material, a three-electrode configuration should be used. For a 
three-electrode measurement (Figure 3-1 right), the electrochemical potential of the 
working electrode (i.e., WE, the electrode to be analyzed) is referenced to a reference 
electrode (RE). Ideally, a reference electrode has a constant electrochemical potential. For 
aqueous electrolytes, common reference electrodes include Ag/AgCl, Hg/HgO, and other 
types. The electrochemical current for the operation of the WE is compensated by another 
electrode (counter electrode). An ideal counter electrode can supply an infinite current 
without interfering the electrochemical reactions of the WE. Common counter electrodes 
are platinum, activated carbon, and other types. In a three-electrode configuration, the 
electrochemical potential of working electrode can be accurately controlled, making three-
electrode configurations well suited for fundamental electrochemical analyses. But, three-
electrode configurations cannot be feasibility constructed since more electrical components 
are involved, also leading to the fact that the sizes of three-electrode configurations are 
generally bulky. Also, for three-electrode configurations, the bias between the working 
electrode and the counter electrode, which are responsible for current flow of the system, 





Figure 3-1. Schematics of two-electrode and three-electrode configurations. 
For a two-electrode configuration (Figure 3-1 Left), beside the working electrode, 
another electrode is applied as both RE and CE, which supplies electrochemical current 
and serves as the potential reference for the WE at the same time. The major shortcoming 
of this configuration is that the potential of RE-CE may change with current output, which 
makes the potential of the WE not accurately controlled. Therefore, two-electrode 
configurations are not suited for fundamental investigations. However, two-electrode 
configurations can be feasibly fabricated with smaller sizes, and the bias between the two 
electrodes can be measured, although the exact potential of each electrode cannot be probed. 
Two-electrode configurations are very well suited for practical energy storage applications 
(such as supercapacitors and Li-ion batteries). 
3.2.  Raman spectroscopic measurements 
Fundamental concepts of Raman spectroscopy were discussed in Section 2.2.  To 
realize Raman spectroscopic measurements, Figure 3-2 shows the schematic configuration 
of a Raman spectroscopic system. The entire system can be separated into optics of 





Figure 3-2. An experimental schematic of Raman spectroscopic measurements. Label of each 
beam: incident laser and scattered light (blue solid lines), Raman scattered light (purple dash lines), 
dispersed Raman scattered light (red and blue dash lines). The polarization direction and 
coordinates of the system are labeled.  
3.2.1.  The configuration of illumination 
Optics of light illumination experimentally realizes Raman scattering between 
materials and photons. For the source of photons, lasers are mostly often used for Raman 
spectroscopic experiments, since lasers are highly collimated and monochromatic. In 
comparison, power of monochromatized broadband light is very little. The lasers used in 
this dissertation are Ar-ion lasers with wavelengths of 457 nm, 488 nm, and 514 nm, and 
He-Ne laser with wavelength of 632.8 nm. All incident lasers have a fixed polarization 
direction (labeled Figure 3-2), which makes the system suitable for polarized Raman study. 
Since lasers are often not perfectly monochromatic, a cleanup filter is needed to 
eliminate all other frequencies except the frequency for Raman excitation. Also, a neutral 
density filter is often applied to adjust laser power, to eliminate possible effects such as 




which enlarges the laser beam size for the confocality of spectroscopic acquisition (to be 
discussed in the next section). Then the laser with enlarged beam is guided to an edge filter. 
The edge filter has full reflection if the light frequency is below a critical value and a full 
transmission if the light frequency is above the critical value. This critical frequency is 
usually slightly higher than the laser frequency (approximately tens of cm-1). After being 
fully reflected by the edge filter, the laser is focused on the sample surface (or an in 
operando Raman cell) by an objective. The numeric aperture (N.A.) of the objective is 
defined as: 
 . . sin( )N A n   . (78) 
In this equation, θ is the angle of focus cone, n is the reflective index of the immersion 
matrix of the objective (for air, n=1). The minimum size of the focused laser beam is 






 . (79) 
Obviously, the spot will have a larger size for a long-wavelength laser and a low-N.A. 
objective, and vice versa. 
3.2.2.  The configuration of signal acquisition 
At the focal spot of laser illumination, Raman scattered light will be collected by 
the objective. The efficiency of light collection is determined by N.A. value. Then the 
scattered light will be guided to a beam splitter with 99.9% reflection, which transmits a 
small fraction of light to the video camera of the microscope. The majority of scattered 
light is reflected to the edge filter. The edge filter will block the Raleigh scattering, Anti-




The scattered light will be focused by a lens, which will reconstruct the focal point 
of the sample at the confocal slit. Limiting the size of the slit comparable to the size of the 
focal spot (~ a few μm) can make sure that Raman scattering at the focal point of the sample 
is collected exclusively without other contributions. Increasing the size of the slit can 
increase the intensity of Raman scattering while leading to Gaussian broadening of Raman 
bands, decreasing confocality, and increasing chances of bringing in other non-confocal 
signal. After the focused scattered light is re-collimated by another lens, the collimated 
light will be dispersed by a reflection grating, which casts light with different wavelengths 
to different diffraction angles: 
 sin( )l n   . (80) 
In this equation, l is the width of the grating groove; in this dissertation, l=1/1800 mm. θ is 
the diffraction angle and, n is the diffraction order (n=1 for first order diffraction).  
Then the collimated beams with different diffraction angles are focused at different 
locations of a CCD camera by a pre-CCD lens. The CCD camera collection area is made 
of a matrix of pixels. The signal acquired by different pixels is translated to a Raman 
spectrum. The refractory grating, pre-CCD lens, and CCD camera determine the resolution 






   . (81) 
In this equation, f is the focal lens of the pre-CCD lens; dx is the size of the CCD pixel. 
Obviously, a longer laser wavelength, a longer focal length, a smaller grating groove width, 





Besides the spectroscopic acquisition, polarized Raman experiments can also be 
performed. By applying a polarizer with a polarizing direction same as that of the incident 
laser (X direction), then the polarization configuration of the system is (the propagation 
directions of the incident and the scattered beams are -Z and Z, respectively): 
 ( )Configuration Z XX Z  . (82) 
If a λ/4 wave plate is applied in front of the polarizer, the polarization direction will change 
π/4 accordingly. Thus the polarization configuration is: 
 ( )Configuration Z XY Z  . (83) 
3.3.  In operando Raman spectroscopic setups 
Fundamental concepts of in operando Raman spectroscopy were briefly introduced 
in Section 2.3. In this section, the technical approaches, which experimentally realize in 
operando Raman spectroscopic configurations for pseudocapacitors and Li-ion batteries, 
will be discussed.  
3.3.1.  The in operando Raman cell for pseudocapacitors 
For in operando Raman studies of pseudocapacitor materials, systematic 
correlation between the in operando Raman spectroscopic evolution and the 
electrochemical potential is needed, which cannot be realized if the electrochemical 
potential of the WE is not well-controlled. Therefore, the in operando Raman cell should 
have the capability to perform three-electrode electrochemical tests and spectroscopic 
acquisitions at the same time. In this dissertation, the structure of the three-electrode in 
operando Raman cell is shown in Figure 3-3.40,41 The cell body was made of Teflon PTFE 
to ensure electrical insulation. Then two series of concentric holes with different diameters 




was inserted from the bottom of the cell body, which is electrically connected to the 
working electrode (WE). A Pt mesh was applied as the counter electrode (CE) and the 
electrical connection of the CE is a Pt-wire inserted in a PTFE tube filled with epoxy. The 
WE and the CE are separated by a separator. The reference electrode (RE), which was 
wrapped by a PTFE tube, was inserted into the other side of the cell. The tip of the RE was 
located exactly near the edge of the WE and the CE. Both RE body, CE connection, and 
WE connection were wrapped by thin PTFE tapes to prevent leakage. To make it available 
for spectroscopic acquisition, a quartz window was adhered on a PTFE shim on the top of 
the cell. A cell cap was bolted to the cell body with a PTFE gasket using six bolts to prevent 
electrolyte evaporation. After the in operando Raman cell is configured, it can be mounted 
on the test stage (Figure 3-2) for in operando Raman spectroscopic analyses.  
 
 




3.3.2.  In operando Raman cell for Li-ion batteries 
To study behavior of a Li-ion battery electrode, the potential is often referenced to 
Li metal (Li+/Li). Therefore, Li metal is often applied as the counter electrode. During 
electrochemical operations of the WE, the potential of the Li metal (CE) can be considered 
almost stabilized at a constant value. Therefore, the Li ion metal can be considered as both 
the CE and the RE (i.e., pseudo-reference). In this case, a two-electrode configuration can 
basically provide an accurate potential of the WE. On the other hand, in non-aqueous 
electrolytes, an ideal reference electrode (similar with Ag/AgCl for aqueous electrolytes) 
is not available. Therefore, the in operando Raman configuration for Li-ion batteries in this 
dissertation is based on a two-electrode configuration.  
For Li-ion battery applications, as mentioned above, the electrolytes are generally 
non-aqueous solution and anodes of Li-ion batteries are highly reductive. Therefore, 
hermetic air-tightness is strictly needed. The detailed construction of the in operando 
Raman cell for Li-ion battery application is shown in Figure 3-4. An ultrahigh-vacuum CF-
flanged viewport and a blank CF flange were applied as the top part and the bottom part of 
the cell respectively. To ensure electrical insulation between the two parts, an ultrathin 
insulation tape was used to cover the bottom cell part. The hermetic airtightness sealing 
was achieved using a PTFE gasket. The WE is directly connected to the bottom cell part. 
The CE is connected to the top part of the cell with a series of meshes, shims, and springs. 
These electric components are fixed in a PTFE insulation ring to prevent electrical 
connection with other parts of the cell body. Then, the top part and the bottom part were 
clamped using six bolts to seal the entire cell. All of the bolts are wrapped by ultrathin 










4. PROBING THE CHARGE STORAGE MECHANISM OF 
PSEUDOCAPACITIVE MANGANESE OXIDE  
4.1.  Introduction 
As mentioned in previous chapters, a pseudocapacitor can store electrochemical 
energy on the basis of fast and reversible redox reactions, leading to capacitor-like 
electrochemical behavior. The first transitional-metal oxide-based pseudocapacitive 
material is RuO2. The application of RuO2 is strongly limited by its high cost and numerous 
other types of pseudocapacitive materials were explored, aiming for a replacement for 
RuO2. Among all the explored pseudocapacitive materials, layered manganese oxide, 
which is often denoted as δ-MnO2, is very attractive, because the δ-MnO2 is non-toxic, 
extremely cheap, and has typical capacitive behavior in aqueous electrolytes.88-91 Proven 
by a few early works 92, δ-MnO2 generally incorporate a certain amount of cations and 
water molecules and its chemical formula is XδMnO2.nH2O (X=cation, δ~0.3). The valence 
state of Mn generally ranges from Mn (III) to Mn (IV).92,93 The structure of δ-MnO2 
features a layered structure composed of edge-sharing MnO6 octahedra. The interlayer 
spacing is able to incorporate various types of cations and molecules, leading to the formula 
XδMnO2.nH2O mentioned earlier.






Figure 4-1. A schematic crystalline structure of pseudocapacitive δ-MnO2. 
In the past decades, the layered MnO2 described above has been widely engineered 
to different types of pseudocapacitors by modifying morphologies or by modifying current 
collectors to enhance performance of electrochemical energy storage 89,91,96-98 However, 
the exact energy storage mechanism, especially the structural change associated with 
charge storage, is poorly understood. Generally, the energy storage in pseudocapacitive 
MnO2 was simply explained as the change of the oxidation state: 
88  
 ( ) ( )Mn III e Mn IV
   . (84) 
Obviously, the simple valence change mentioned above do not provide any 
information on the structural evolution that contributes to energy storage.  It is generally 
believed that various types of structural evolution can lead to changes in oxidation state of 
Mn, including phase transformations, cation incorporations, phase decompositions, and 
interfacial effects56. It is still not systematically clear which type of mechanism or 
combination of mechanisms contribute to the pseudocapacitive energy storage of MnO2. 
Unlike Li-ion batteries, which solely rely on Li-ion-based electrolytes, charge storage of 
MnO2 can be performed in electrolytes with a various types of cations. Therefore, 
understanding the structural evolution of MnO2 in different types of electrolytes is vital for 




level of the structural engineering of pseudocapacitive MnO2 is mostly based on trial-and-
error experiments rather than scientific theories, just because of the poor understanding of 
charge storage mechanisms.   
4.2.  Sample preparation and characterization 
4.2.1.  Sample preparation 
Fabricating an electrode with simple and controlled geometry is very important for 
a fundamental mechanism study. In this chapter, the MnO2 film electrodes were fabricated 
using sol-gel coating technique.92,99 Firstly, KMnO4 (oxidative precursor) was reduced by 
either fumaric acid or MnSO4 (reductive precursor) to produce stable MnO2 sol (0.001 M).  
When fumaric acid was applied as reductive precursor, a diluted KMnO4 solution (20 mL, 
0.001 M) was mixed with 50 μL of 1 M KOH solution and 200 μL of fumaric acid solution 
(0.033 M) with vigorous stirring for 30 min at room temperature. When MnSO4 was 
applied as reducing precursor, the diluted KMnO4 solution was mixed with 50 μL of 1 M 
KOH solution and 30 μL of 0.3 M MnSO4 solution with vigorous stirring for 30min at 
room temperature. During this process, KMnO4 was reduced to a golden brown stable 
MnO2 sol (approximately 0.001 M). Subsequently, 150 μL of the resulting sol was drop-
coated step-wisely on flat Ni foils with 7/16’’ diameter. A hydrophobic cover slip (Hybri-
slips, Sigma) was then placed on the drop, leaving a uniform layer of MnO2 sol between 
the coverslip and Ni substrate. The sol-coated Ni foils (with cover slip on top) were then 
dried at room temperature, leaving a golden brown uniform film of MnO2 on Ni foil. The 
films were then carefully rinsed by DI water for several times and finally dried in air at 
room temperature. 




Figure 4-2 shows the typical morphology of the model MnO2 electrode used in this 
study. Obviously, the film is non-porous with a flat surface, as shown by the cross-sectional 
view of the thin film (Figure 4-2). Using the electrode with controlled geometry rather than 
a composite electrode or complex 3D nanostructures can reduce the uncertainties resulting 
from morphological complexity. Also, the mass and charge transport associated with the 
cycling of this electrode can be well controlled and monitored owing to the simple 
electrode geometry, which can offer unambiguous correlation between the structural 
features and the corresponding electrochemical properties.  
 
Figure 4-2. Morphology of a pseudocapacitive MnO2 model electrode used in this chapter: (a) Top 
view of the thin-film MnO2 electrode (b) Cross-sectional view of the thin-film MnO2 electrode 
4.2.3.  Phase analyses: 
To confirm the structure of the MnO2 model electrode, X-ray diffraction (XRD) 
was used for phase analysis. The thickness of the model MnO2 electrode is much thinner 




from the MnO2 sol was used for identification of the phases. As shown in Figure 4-3, the 
obtained XRD patterns match well with those reported for birnessite layered MnO2.
100,101
  
The interlayer spacing (i.e., d001) can be determined from the angle of the (001) diffraction 
peak.92,93 As demonstrated by a variety of reported studies, the d001 is sensitive to the sizes, 
charges, and stoichiometry of the species incorporated into the structure.92-95 To be specific, 
first, the incorporated cations can lead to significant electrostatic attraction between the 
cations and the negatively charged layers, leading to a contraction of interlayer spacing.102 
Second, the size of the incorporated species may affect the d-spacing sterically because of 
steric hindrance and charge density,94,95,103 as demonstrated by experimental observation 
that the interlayer spacing of MnO2 with incorporation of organic cations (e.g., 
N(CnH2n+1)4
+ or polyelectrolytes) synthesized under aqueous conditions.94,95,104 The 
interlayer spacing (d001) of the N(CnH2n+1)4-MnO2 increases in the order of d001-N(C2H5)4
+ 
(0.96 nm), d001-N(C3H7)4
+ (1.03 nm), and d001-N(C4H9)4
+ (1.26 nm),94 significantly higher 
than the d001 of MnO2 incorporated with neutral H2O (0.72 nm).
93,94 For the samples used 
in this chapter, the d001 was calculated to be 0.71 nm, which is in the normal range of d001 






Figure 4-3. X-ray diffraction patterns of MnO2 powder derived from MnO2 sol and peak 
assignment. 
4.2.4.  Raman spectroscopic analyses 
Figure 4-4 shows a full-range Raman spectrum of the MnO2 model electrode, 
suggesting that the sample had pure phase since all noticeable Raman bands belong to 
MnO2. The Raman bands within 200-700 cm
-1 describe the intrinsic vibration modes of 
MnO2, while the Raman bands in the range 800-1400 cm
-1 should belong to the overtones 
of vibrational modes. In particular, the four major Raman bands in the range of 200-700 
cm-1 were marked as ν1 to ν4 as shown in Figure 1e. According to the preliminary 
assignments of Julien et al, the ν1 band (620-650 cm
-1) was assigned to the symmetric 
stretching vibration of Mn-O bond in the MnO6 octahedral whereas the ν2 band (570-590 
cm-1) was assigned to the Mn-O vibration along the chains of the MnO2 
framework.100,105,106 The properties of both bands were proven to be sensitive to the types 




interlayer species will lead to different d-spacing of the lattice structure (because of steric 
hindrance and electrostatic effects as mentioned above), which in turn affect the phonon 
properties, including the hardening/softening of different phonon modes (Raman band 
shifts), changes of polarizabilities of different modes (Raman band relative intensities), and 
different degree of structural disorder (Raman band widths). Such detailed and systematic 
correlation offers the possibility to systematically investigate the cation-incorporation 
mechanism from the effects of cation-sizes on Raman spectra. 
 
Figure 4-4. Raman spectrum of the MnO2 thin film electrode. The inset includes the enlarged 
Raman spectrum, which shows four characteristic Raman bands and their corresponding labels ν1 
to ν4. 
4.2.5.  General electrochemical behavior 
To unravel the charge storage mechanism, the electrochemical behavior of the 
MnO2 model electrode in a series of electrolytes was characterized with different cations 
prior to Raman spectroscopic study. Figure 4-5 shows the electrochemical behavior of the 
MnO2 model electrode tested in 2M LiNO3, NaNO3, and KNO3 aqueous electrolytes in the 
potential window between -0.1 V and 0.8 V (vs Ag/AgCl). Regardless of the type of 
electrolyte cations, the MnO2 thin film model electrode exhibited excellent square-shape 




Moreover, the excellent square-shape could be maintained as the scan rate was increased 
to 500 mV/s in all cases, regardless of the types of electrolyte cations used (Figure 4-6). 
The current increases when the potential of WE approaches 0.8 V in the anodic scan and -
0.1 V in the cathodic scan are results of irreversible electrochemical reactions of the MnO2 
electrode, which are due likely to oxidative and reductive dissolution of MnO2 to Mn 
compounds with higher oxidation states and Mn2+, respectively.107-109  Shown in Figure 
4-5b are some typical charge-discharge curves of the MnO2 model electrode in 2 M LiNO3, 
NaNO3, and KNO3 aqueous electrolytes in the same potential window. The decreasing 
slope when the WE potential approaches -0.1 V in the cathodic process is attributed to the 
reductive dissolution of MnO2. Obviously, electrochemical behavior of the MnO2 model 
electrode is similar in different electrolytes, further confirming that the capacitive behavior 
is independent of the types of electrolyte cations and the same structural transformation 
contributes to the capacitive reaction.  
 
Figure 4-5. (a) The cyclic voltammograms (CV) of the pseudocapacitive MnO2 thin film electrode 
in 2 M LiNO3, 2 M NaNO3 and 2 M KNO3 aqueous electrolytes. The scan rate was 10 mV/s. (b) 






Figure 4-6. Cyclic voltammogram (CV) of pseudocapacitive MnO2 thin film model 
electrodes with different scan rates in (a) 2 M LiNO3 (b) 2 M NaNO3 (c) 2 M KNO3 
aqueous electrolytes. The charge-discharge profiles with different current densities in (d) 
2 M LiNO3, (e) 2 M NaNO3, and (f) 2 M KNO3 aqueous electrolytes. 
4.3.  In operando Raman spectroscopy and vibrational analyses 




4.3.1.1. Technical details 
The in operando Raman spectroscopic experiments for MnO2 in this chapter are 
performed using the three-electrode in operando Raman cell shown in Section 3.3.1. An 
Ar ion laser with wavelength of 514 nm was used as excitation of Raman spectra. The 
electrolytes are 2M LiNO3, NaNO3, and KNO3 solutions, same as the electrochemical test 
mentioned above. Technically, during the in operando Raman spectroscopic acquisition, a 
potential stair-step experiment was applied to the MnO2 thin film model electrode. A 
holding time of 100 seconds was used for each potential step to ensure satisfactory signal-
to noise ratio for Raman data collection. The potential window of the potential stair-step 
experiment varied from 0 V to 0.7 V (with respect to Ag/AgCl) to avoid oxidative and 
reductive decomposition of the MnO2 model electrode. To demonstrate the effects of 
irreversible reactions on Raman spectra, Raman spectra are collected beyond the potential 
window. As shown in Figure 4-7, the Raman band intensity decreased significantly at -0.1 
V and 0.8 V, leading to significant error in quantitative Raman spectroscopic analyses of 
the cation sizes effects. 
 
Figure 4-7.  Comparison of in operando Raman spectra acquired at a given potential (vs Ag/AgCl): 




4.3.1.2. Subtraction of Raman spectroscopic signal of electrolytes 
During an in operando Raman experiment, both Raman spectra of the electrode and 
the electrolyte can contribute to the as-collected Raman spectrum. As a result of the higher 
Raman activity of NO3
-, the as-collected Raman spectra were dominated by Raman bands 
of the electrolyte (Figure 4-8). Also, the Raman bands of MnO2 (below 700 cm
-1) had 
overlap with the band of NO3
- at 720 cm-1. In order to perform precise spectroscopic 
analyses, the contribution of the electrolyte was subtracted on the basis of the Raman 
spectrum of the pure electrolyte. The NO3
- bands at 1047 cm-1 were used as the internal 
standard to evaluate the contribution of the NO3
-. The subtraction of Raman signal of the 
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The effect of the electrolyte subtraction is shown in Figure 4-8. The Raman band of the 






Figure 4-8. A schematic demonstration of subtraction of Raman signal from the electrolyte. (a) An 
as-collected in operando spectrum of MnO2. 2 M LiNO3 was used as the electrolyte. (b) The Raman 
spectrum of 2 M LiNO3. (c) The spectrum of MnO2 after subtraction of the electrolyte signal. 




The Raman spectroscopic evolution of the MnO2 model electrode was firstly 
investigated in a 2 M NaNO3 aqueous electrolyte (Figure 4-9b). Before the cycle started 
(0.7 V vs Ag/AgCl), the Mn had the highest oxidation state within the range of Mn(III) to 
Mn(IV); the interlayer spacing was largely filled with water molecules from solvent. As 
the potential of WE was decreased from 0.7 V to 0 V (during the cathodic process), the 
oxidation state of the Mn was progressively lowered and more Na+ ions are progressively 
incorporated into the interlayer space. During this process, the replacement of larger H2O 
(2.8 Å) by smaller Na+ (0.99 Å) 102,110 would lead to more contraction of the interlayer 
spacing because of less steric hindrance and more electrostatic attraction. The overall effect 
is that the interlayer spacing will decrease gradually as the potential of WE gradually 
approach 0 V. It is noted that some water molecules may be always present within the 
interlayer space since the electrode was tested in an aqueous electrolyte. However, the 
existence of interlayer water molecules should not influence the incorporation of Na+ since 
the amount of interlayer Na+ is determined primarily by the oxidation states of Mn. 
During the operation of the MnO2 electrode, a few changes in spectroscopic 
features were observed. First, no new bands were observed, indicating that no new 
phases/species were generated during the process, which agrees with previous in situ X-
ray adsorption (XAS) studies. The consecutive shift of the Mn K-edge XANES spectra 
without a change of the K-edge profile indicates systematic evolution of oxidation state 
without a phase change, regardless of the morphology of the MnO2 electrode. 
107,111  
Second, the ν1 and ν2 bands are more prominent since they have higher signal to noise ratio 
and hence higher sensitivity to the cycling conditions than other bands in the spectra. The 




ν1 band underwent a red shift while that of the ν2 band experienced a blue shift during the 
cathodic process. On the basis of the empirical facts that the ν1 band position has a positive 
correlation with interlayer spacing while the ν2 band has a negative correlation with 
interlayer spacing as mentioned by Julien et al 100, the band shifts during the cathodic 
process imply that the interlayer spacing decreases as water molecules are replaced by Na+ 
ions, which was also observed by Hsu et al.112 These consecutive band shifts are consistent 
with the change in d001 of an MnO2-based composite electrode as revealed by in situ XRD 
measurements, where significant differences in d001 between the most-reduced state and 
the most oxidized state were observed.102 Second, the ν2 and ν1 bands were also broadened 
gradually, which is ascribed to the increasing degree of Jahn-teller disorder upon cation 
incorporation during the cathodic process.113-115 Third, the intensity ratio of ν2 band to ν1 
band (I(ν2)/I(ν1)) increased first and then decreased as the potential of the WE was varied 
from 0.7 V to 0 V. Such band intensity ratio evolution is a direct result of the polarizability 
changes of the two vibrational modes resulting from the substitution of neutral water 
molecules by positively charged cations. The overall effects of the bands-shifts, band 
broadening, and intensity changes of ν1 band and ν2 band are a broad band centered at 582 
cm-1 with a shoulder band (Figure 4b).  Besides the two stronger bands (ν1 and ν2), other 
two weaker bands (ν3 and ν4 band) also exhibited obvious evolution. During the cathodic 
process, the ν3 band evolved from a singlet peak to a doublet peak; the ν4 evolved from a 
doublet peak to a singlet peak. However, because of the relatively low intensity of the two 
bands, it is difficult to systematically analyze the evolution of the two bands. As expected, 
during the anodic process, the spectroscopic evolution of the Raman bands presented the 




of the ν2 band, band sharpening, and the change of I(ν2)/I(ν1). The evolution of ν3 band and 
ν4 band was reversible as well, indicating that the cations incorporation mechanism is 





Figure 4-9. The Raman spectroscopic evolution of pseudocapacitive MnO2 thin film when WE is 
cycled between 0.7 V, 0 V, and 0.7 V (vs Ag/AgCl) in (a) 2 M LiNO3, (b) 2 M NaNO3, and (c) 2M 
KNO3 aqueous electrolytes.  The dash lines were applied to show the evolution of band positions 
(ν1 to ν4) as function of the WE potential approximately. A color bar was used to depict the WE 
potential. The schematic sketches of cation-incorporated MnO2 and water-incorporated MnO2 
corresponding to high-potential state and low-potential state respectively are also shown.   
It should be noted that the charge storage mechanism cannot be concluded by the 
Raman spectroscopic evolution in one particular type of electrolyte cations. Unlike Li-ion 
batteries, whose charge storage could solely be completed in Li-based electrolytes, 
pseudocapacitive energy storage could be realized in different types of electrolytes for one 
particular material. The cation incorporation mechanism for one particular type of 
electrolyte cation is not necessarily valid for other electrolyte cations. Therefore, the in 
operando Raman experiment was performed in LiNO3 and KNO3 electrolytes as well, 
aiming to analyze the spectroscopic evolution in different sizes of electrolyte cations 
comprehensively (Figure 4-9a, c). Apparently, the spectroscopic evolution of MnO2 in 
LiNO3 and KNO3 electrolytes is similar to the spectroscopic evolution in NaNO3. First, the 
evolution of the cathodic process is the reverse of the anodic process, indicating the 
reversible electrochemical reactions regardless of the size of cations. Second, the band 
evolution exhibited same trends when different electrolyte cations were used: red shift of 
ν1 band, blue shift of ν2 band, band broadening, and changes of intensity ratios were 
observed during cathodic process. Third, the band evolution of the weaker bands (ν3 and 
ν4) also exhibited same evolution in different electrolyte cations. These experimental 
observations indicate that the same charge storage behavior prevails in electrolytes with 
different size of cations for pseudocapacitive MnO2. However, since the Raman spectrum 
of MnO2 is sensitive to the interlayer spacing, which is affected by the steric effect and 




position and peak intensity ratios) may exhibit systematic trends when Li+ (0.59 Å), Na+ 
(0.99 Å), and K+ (1.37 Å) are used.110 In particular, such spectral trends may be more 
obvious at a more reduced state since more changes in interlayer spacing may be induced  
(besides interlayer water molecules), which may lead to more significant steric hindrance 
effects. Apparently, without quantitative band fitting, the band shift and band broadening 
are most significant when Li+ ion was used (Figure 4-9a); at 0 V, the ν1 band and ν2 band 
merged as one broad band at approximately 600 cm-1. For the case of K+, the band shift 
and band broadening are least significant; the ν1 band and ν2 band are well separated at 0 
V (Figure 4-9c). The apparent difference in band evolution when different electrolytes are 
used could be understood as a direct consequence of cation-size effect. Therefore, 
systematic and quantified Raman band analyses at different potentials are needed to 
systematically understand the cation-incorporation mechanism. 
4.3.3.  Cation size effect 
The cation-size effects were evaluated for Raman spectra at different potentials 
when different electrolyte cations were used. To analyze the cation-size effects on Raman 
spectra quantitatively, systematic band fitting was performed for spectra at different 
potentials on the basis of Lorentzian profiles (Section 2.2.4. ). Especially, the Raman 
spectra at highest potential state (0.7 V vs Ag/AgCl) and the lowest potential state (0 V vs 
Ag/AgCl) are most valuable since Raman spectra at these two potential states represent the 
structure of the MnO2 model electrode at the most oxidized/reduced state. 
4.3.3.1. High potential state 
Figure 4-10 shows the comparison of Raman spectra of the MnO2 model electrodes 




Mn has the highest oxidation state within the potential window. The interlayer spacing is 
expected to be mostly filled with water molecules from aqueous electrolytes, regardless of 
the types of electrolyte cations. As expected, no difference in the Raman spectra of the 
MnO2 electrode is observable, including the positions and intensity ratios for ν1 band and 
ν2 band. The position of ν1 band is 651 cm
-1 regardless of the electrolytes used. The position 
of ν2 band is 574 cm
-1 for Li+ and 573 cm-1 for Na+ and K+. These are in good agreement 
with the observation that no obvious structural difference at high potential state when 





Figure 4-10. Raman spectra of the MnO2 thin film model electrode when the potential of WE was 
0.7 V in 2 M LiNO3, NaNO3, and KNO3 aqueous electrolytes. The positions of ν1 band and ν2 band 
and I(ν2)/I(ν1) are marked. The schematic sketches of water-incorporated MnO2 corresponding to 
high-potential state when different electrolyte cations were used are also shown.   
4.3.3.2. Low potential state 
However, at a lower potential state, the oxidation state of Mn is lower and the 
interlayer space is filled with more electrolyte cations (in addition to some water 
molecules). Therefore, stronger steric hindrance effect is expected to lead to a greater 
change in interlayer spacing for a given cation, as demonstrated by a series of ex-situ XRD 
measurements of hydrated MnO2 incorporated with different size of cations, even though 
the MnO2 used in these ex-situ studies was not fully reduced.
94,95,104,116 The dependence of 
interlayer spacing on cation sizes is expected to induce systematic trends of phonon mode 
hardening/softening, polarizabilities, and degree of disorder. Figure 6 shows the 
comparison of Raman spectra at the low potential state (0 V and 0.1 V vs Ag/AgCl) in 
different electrolytes. As expected, the Raman spectra in different electrolytes exhibited 
significantly different features. At 0 V (Figure 4-11a), the position of ν1 band are located 
at 632 cm-1, 626 cm-1, and 616 cm-1 for the case of K+, Na+, and Li+, respectively. For the 
ν2 band, the positions are at 578 cm
-1, 582 cm-1, and 586 cm-1 for the case of K+, Na+, and 
Li+, respectively. This observation systematically agrees with the phenomena that the ν1 
band positions have positive correlation with interlayer spacing while ν2 band positions 
have negative correlation with interlayer spacing 100,117. Besides the cation-size effect on 
band positions, the band intensity ratios also exhibited systematic correlation. The band 
intensity ratio I(ν2)/I(ν1) are 1.84, 1.59, and 0.94 when K
+ (1.37 Å), Na+ (0.99 Å), and Li+ 
(0.59 Å) electrolyte cations were used, respectively. Such correlation may be attributed to 




Furthermore, the band width at 0 V is maximized for K+ and minimized for Li+, due likely 
to the fact that the cation size will significantly influence of the Jahn-Teller distortion of 
the MnO2 structure. Similarly, the band positions, band intensities, and band widths at 0.1 
V for different electrolyte cations exhibited similar correlation with cation sizes as shown 
in the Figure 4-11b.  
 
Figure 4-11. Raman spectra of the MnO2 thin film model electrode when the potential of WE was 
(a) 0 V and (b) 0.1 V in 2 M LiNO3, NaNO3, and KNO3 aqueous electrolytes. The positions of ν1 
band and ν2 band and I(ν2)/I(ν1) are marked. The schematic sketches of cation-incorporated MnO2 
corresponding to low-potential state when different electrolyte cations (Li+, Na+, and K+) were used 
are also shown. 
It is noted that at 0 V (vs Ag/AgCl), the interlayer space is filled with more 
electrolyte cations as mentioned earlier (besides interlayer water molecules). In this case, 
the formula of the MnO2 could be expressed as X1.0-δMnO2.nH2O at 0 V (X=Li
+, Na+, and 




for Li+, the structure of MnO2 at 0 V should be close to layered Li1.0MnO2, which is a fully 
lithiated Li-ion battery cathode material.118,119 As expected, the Raman spectrum at 0 V 
(Figure 4-11a, top) showed significant similarity with the Raman spectrum of 
Li1.0MnO2;
117,120,121 a strong broad peak located at 600 cm-1 (the overlap of ν1 band and ν2 
band) and a weaker peak (ν3 band) located at 480 cm
-1 could match the Raman spectrum 
of non-hydrated Li1.0MnO2 very well.
117,120  While the ν1, ν2, and ν3 band are consistent, the 
weak ν4 band at 0 V is located at 402 cm
-1, which is different from that for the non-hydrated 
Li1.0MnO2 reported in literatures (420 cm
-1). 117,120 This minor discrepancy could be a result 
of the fact that the amount of the incorporated cations could be close to, but still less than, 
1.0 and the inevitable presence of interlayer water molecules. Therefore, the similarity 
between the Raman spectrum of MnO2 at 0 V in the Li
+-based electrolyte and that of 
Li1.0MnO2 indicates that the structure of X1.0MnO2 (X is electrolyte cation) could be used 
as a reasonable approximation to the structure of the cation-incorporated MnO2 at 0 V.  
4.4.  Theoretical vibrational analyses 
4.4.1.  Cation-incorporated MnO2 model 
To further confirm the cation-size effect at the lowest potential (0 V) state, which 
is most significant within the potential window as observed experimentally, the vibration 
mode energies were calculated on the basis of a simple model, which is a cation-
incorporated MnO2 with a stoichiometry of X1.0MnO2 (X=Li, Na, or K). This X1.0MnO2 
model simplifies the stoichiometry of cation at the most reduced state to make the 
theoretical phonon energy calculations executable. Recently, similar simplified models, 




of cations with different sizes, has been successfully used to explain the effect of cation 
sizes on charge storage properties.110,122  
In our simplified model, the X1.0MnO2 model has a monoclinic structure (C2/m 
space group, No. 12), which is most common for Jahn-Teller distorted layered MnO2 
(Figure 4-12).119,123,124 On the basis of the cell structure of Li1.0MnO2, the cations (Li
+, Na+, 
and K+) are positioned at the face centers (2d site) of monoclinic unit cells (Figure 4-12a).  
The monoclinic layered structure is a result of Jahn-Teller distortion of hexagonal layered 
LiCoO2. LiCoO2 has two Raman active modes: A1g and two-fold degenerate Eg 
115,117. With 
Jahn-Teller distortion, the R-3m layered structure is lowered to a C2/m structure; the Eg 
mode will split to one Ag mode and one Bg mode, suggesting three Raman active modes 
for X1.0MnO2 (two Ag modes and one Bg mode).
117,120,121 However, more than three Raman 
bands were observed for X1.0MnO2, which was also reported by different previous 
works.105,121 The reason for the fact is that the unit cell cannot fully describe the 
translational symmetry of monoclinic X1.0MnO2, since the incorporated cations are not 
located at the exact site (face center of the unit cell shown in Figure 4-12a), leading to the 
break of ideal translational symmetry and more observed Raman bands than predicted ones. 
Therefore, on the basis of the unit cell shown in Figure 4-12a, a 2x2x1 supercell was used 
to describe the cell structure and to perform phonon calculations (Figure 4-12b). For the 
lattice parameters, the cell parameters of LiMnO2 was applied for Li-incorporated MnO2.
119 
The cell parameters of Na-birnessite and K-birnessite were used for Na-incorporated and 
K-incorporated MnO2, respectively.
125 It is noted that these lattice parameters were initial 
values for geometry optimization calculations and adjusted during the geometry 




For the details of DFT calculations, the energies, geometry optimizations, and 
phonon energies was calculated out using CASTEP module in Materials Studio 6.0. 126 The 
generalized gradient approximation (GGA) with PBE exchange-correlation functional was 
used for the calculations of electronic energies.127,128 The norm-conserving pseudo-
potentials were applied with an energy cutoff 750 eV. The k-points were set as 1x1x3 for 
the supercell. After the geometry optimization process, the lattice parameters and 
coordinates would be optimized. On the basis of the optimized structure, the phonon energy 
calculations were based on density functional perturbation theory (DFPT) using a CASTEP 
module.126,129 
 
Figure 4-12. Cell structures of cation-incorporated MnO2 model. (a) Primitive C2/m monoclinic 
cell. (b) The 2x2x1 supercell used for theoretical calculations. 
4.4.2.  Vibrational analyses 
On the basis of the cell structures and space group (C2/m, No. 12) of cation-
incorporated MnO2 (Figure 4-12b), theoretical vibrational analyses can be performed. The 
space group (C2/m, No. 12) is based on 3D point group C2h. The character table of C2h 




Table 4-1. The character table of the C2h point group 
C2h(2/m) # E C2 i σ functions 
Ag Γ1+ 1 1 1 1 x2, y2, z2, xy, Jz 
Bg Γ2+ 1 -1 1 -1 xz, yz, Jx, Jy 
Au Γ1- 1 1 -1 -1 z 
Bu Γ2- 1 -1 -1 1 x, y 
 
For the cell structure shown in Figure 4-12b, the total number of atoms or ions is 
32. Considering the multiplicity of C2/m group is 2, the number of independent atoms or 
ions is 16. Thus the total degree of freedom (DOF) is 48. The mechanical representations 
of cell model could be classified as the sum of the following irreducible 
representations:79,130-132 
 12 18 10 8u u g gA B A B      . (86) 
Both Ag and Bg modes are Raman active while Au and Bu modes are Raman inactive. 
Therefore, on the basis of theoretical calculations, theoretically the cation-incorporated 
MnO2 has 18 Raman active bands, assuming the 2x2x1 cell structure. On the basis of 
elucidated symmetry properties of phonon modes, the energies of the phonon modes at Γ 
point were calculated on the basis of density function perturbation theory (DFPT) as listed 
in Table 4-2. Possibly because of the limited Raman activities for some modes, less than 
six bands were observed as mentioned in the main text. Particularly, the two Ag modes, 





Table 4-2. Calculated frequencies of Raman active modes of X1.0MnO2 (X=Li, Na, and K) 
with corresponding mode assignments. The two Ag modes assigned as ν1 band and ν2 band 
are highlighted. 
















284.6 Bg 199.3 Ag 138.4 Bg 
285.3 Ag 199.8 Bg 138.5 Ag 
368.5 Ag 295.0 Ag 211.8 Bg 
371.9 Bg 295.4 Bg 211.9 Ag 
381.9 Bg 329.6 Bg 251.9 Bg 
386.0 Ag 330.0 Ag 310.9 Ag 
420.9 Ag 344.8 Bg 311.5 Bg 
421.3 Bg 411.6 Ag 354.8 Bg 
429.3 Ag 413.0 Bg 355.3 Ag 
432.4 Bg 435.8 Ag 408.1 Ag 
439.4 Ag 456.4 Ag 426.6 Ag 
453.2 Bg 457.1 Bg 428.2 Bg 
495.4 Ag 457.9 Ag 432.2 Ag 
495.8 Bg 460.2 Bg 437.0 Bg 
567.4 Ag 536.5 Ag 516.6 Ag 
573.1 Bg 583.1 Ag 555.6 Ag 
597.9 Ag 583.9 Bg 555.6 Bg 
625.0 Ag 630.5 Ag 632.5 Ag 
 
To explain this assignment, Raman spectroscopic analyses under different 
configurations of polarization were conducted. Since the MnO2 film sample is 
polycrystalline and isotropically oriented, the assignment rules based on polarization 
described in equation (69) can be applied. Raman tensors of Bg modes don’t have diagonal 




of Ag mode are non-zero (partially depolarized). Since the incident laser is polarized in x-
direction (Figure 3-2), the intensities of Ag modes in the Z̄(XY)Z configuration will be 
much lower than that in the Z̄(XX)Z  configuration. On the other hand, the intensities of 
the Bg modes will exhibit similar intensities in both Z̄(XY)Z and Z̄(XX)Z  configurations. 
As expected, as the Raman spectra of the MnO2 model electrode were collected in both 
configurations (Figure 4-13), the intensities of υ3 band are similar for both configurations, 
indicating that ν3 band is not an Ag mode. However, the intensities of both ν1 band and ν2 
band in the Z̄(XY)Z configuration are significantly damped compared to that in the 
Z̄(XX)Z configuration, which proved that the symmetry of both ν1 band and ν2 band belong 
to Ag.  
 
Figure 4-13. Raman spectra of the MnO2 model electrode in Z̄(XX)Z and Z̄(XY)Z polarization 
configurations. 




On the basis of the vibrational calculation and assignments, the experimental and 
calculated key band positions can be compared for charge storage mechanism analysis. The 
comparisons of the calculated vibrational modes frequency are shown in the right panel of 
Figure 4-14. For the ν1 band frequencies, the mode frequencies are calculated to be 625 
cm-1, 630 cm-1, and 632 cm-1 for X=Li, Na, and K, which matches the order of the band 
positions at 0 V obtained experimentally although the exact values of the calculated 
vibrational modes energies have discrepancies with experimental values.  For the ν2 band 
frequencies, the mode frequencies were calculated to be 597 cm-1, 583 cm-1, and 555 cm-1 
for X=Li, Na, and K, also matching the order of ν2 band positions at 0V. It is noted that the 
calculated frequency of ν2 band (555 cm
-1) for X=K is quite different from the experimental 
value (578 cm-1), since the simple X1.0MnO2 model cannot fully describe structures and 
properties of MnO2 at 0 V, because of the variation in the amount of K
+ cations and the 
existence of interlayer water molecules as mentioned previously. Therefore, theoretical 
calculations of vibrational modes based on cation-incorporated MnO2 model 






Figure 4-14. Left panel: The model X1.0MnO2 used for the calculation of vibration modes with 
schematic sketches of ν1 mode and ν2 mode. Right panel: The comparison of the positions of ν1 band 
and ν2 band at 0 V and calculated values based on DFPT calculations. 
4.5.  Correlation between spectroscopic and electrochemical behavior 
4.5.1.  Correlation with state of charge 
As the cation-size effects were elucidated on the basis of the spectroscopic analyses 
and theoretical calculations mentioned above, the evolution of Raman band properties at 
different potentials can be correlated with the charge stored in the MnO2 electrode. The 
fraction of the cations stored in the MnO2 electrode can be described by the state of 
discharge (SOD), which can be calculated from the integration of the CV curves in Figure 
4-15. To be specific, the SOD at the high potential state (0.7 V vs Ag/AgCl) and the low 
potential state (0 V vs Ag/AgCl) are defined as 1 and 0 in this work, respectively. When 
plotted as a function of potentials (Figure 4-15), the SOD curve is largely linear, but with 
a slight convex shape because of some deviation from ideal capacitive behavior.  Also 
plotted with the SOD curve in Figure 4-15 are ν1 band positions, ν2 band positions, band 




different electrolyte cations. At 0.7 V, all band properties are almost the same for different 
electrolyte cations when it is fully discharged (the SOD is 1) because the interlayer spacing 
is filled mostly with water molecules. As shown in Figure 4-15a, the positions of ν1 
exhibited red shifts as the SOD was decreased; the effect was most significant for Li and 
least significant for K, since smaller cation can lead to more significant steric effects as 
mentioned in previous sections.  Similarly, the positions of ν2 band exhibited blue shifts 
(Figure 4-15b) as cations were gradually incorporated; the significance of the shifts for 
different cations followed the same order as that for the red shifts of the ν1 band. The in 
situ phonon hardening/softening effect (Figure 4-15 a and b) is consistent with the change 
in d-spacing revealed from in situ XRD analysis of a composite electrode based on MnO2 
in KCl and LiCl electrolyte solutions, where the d001 at the most oxidized state remained 
the same for both electrolytes but the d001 at the most reduced state is smaller for Li
+ 
incorporation than that for K+ incorporation.102  
Meanwhile, the evolution of the intensity ratios followed a different trend; it 
became most pronounced at an intermediate stage of discharge (Figure 4-15c). While the 
most significant band shifts were observed for Li+ (and the least significant for K+), the 
most noticeable intensity ratio changes were observed for K+ (and lease significant for Li+). 
Raman bands intensities depend strongly on the charge of the interlayer species, which 
influence the distribution of the charge density within the MnO2 crystal structure. The 
insertion/extraction of larger cations may lead to a more significant change in polarizability 
of the vibrational modes. Finally, the evolution of band width also exhibited significant 
cation-size effects (Figure 4-15d); the significance of band broadening of ν2 band is most 




that smaller-size cations will lead to stronger Jahn-Teller distortion, which leads to more 
band broadening effect. In summary, the cation sizes effect is quantified as a function of 
the electrochemical charge storage, providing systematic correlation of phonon mode 
hardening/softening, changes of phonon polarizability, and changes of structural disorder 
with the steric effects of the incorporating cations from the electrolyte. 
 
Figure 4-15. The key spectroscopic features of the pseudocapacitive MnO2 model electrode as 
functions of the WE potential when LiNO3, NaNO3, and KNO3 were used as electrolytes. The state 
of discharge (SOD) is also plotted in each subplot to correlate with spectroscopic features. (a) The 
ν1 band positions as function of the WE potential. (b) The ν2 band positions as function of WE 
potential. (c) I(ν2)/I(ν1) as function of the WE potential. (d) The FWHM of ν2 as function of the 
WE potential. 
4.5.2.  Cation size effect on general electrochemical behavior 
In the previous sections, in operando Raman spectroscopy has revealed the details 




pseudocapacitive MnO2 electrode. While the cation incorporation mechanism and 
structural evolution remain the same as electrolytes (hence cation sizes) were changed, the 
use of cations with different sizes (Li+, Na+, and K+) may influence the electrochemical 
performance of the electrode, including specific capacitances, rate capabilities, and cycling 
stability. The dependence of electrochemical behavior on cation sizes was investigated by 
a number of researchers starting with different morphologies of MnO2.
116,133-136 The 
experimental observations of these studies have significant discrepancies, due mostly 
likely to the variation in material morphologies, which may critically impact the rates of 
charge and mass transport. With regard to the cation sizes effects on the electrochemical 
performance of the thin film model electrode used in this study, at a moderate scan rate 
(0.1 mA/cm2), the specific capacitances were 881, 858, and 835 F/g (Figure 4-16a), 
respectively, when electrolytes of 2 M LiNO3, NaNO3, and KNO3 were used, suggesting 
that the use of smaller cations results in slightly larger specific capacitances. This agrees 
with the trends reported in other studies using different morphologies of MnO2.
134-136 
Moreover, the difference in specific capacitances become more significant at higher 
cycling rates (Figure 4-16b) because it is easier for smaller cations to be inserted into or 
extracted out of the layered structure. As a result, the obtainable capacitance of MnO2 is 
the highest in LiNO3 and the lowest in KNO3 (Figure 4-16c). However, the capacitance 
retention of the MnO2 electrode during cycling is the worst in the LiNO3 electrolyte and 
the best in the KNO3 electrolyte (Figure 4-16d). This is because the insertion and extraction 
of smaller cations induce greater structural changes (as inferred from the more drastic shifts 
of Raman band features). Greater structural changes during cycling are likely to result in 




layers, which is potentially detrimental to long-term reversible operation of the 
supercapacitor electrodes. Accordingly, the cycling stability of MnO2 is the best in the 
KNO3 electrolyte and the worst in the LiNO3 electrolyte. This dependence of cycling 
stability and cation sizes is consistent with previously reported observation that the best 
cycling reversibility is realized with K+,
 due primarily to the minimum structural change 
during charge storage.134 The key electrochemical properties as determined from charge-
discharge measurements and the shifts of Raman band features within the potential window 
are summarized in Table 4-3. 
 
 
Figure 4-16. The comparison of electrochemical performance of a MnO2 electrode in 2 M 
LiNO3, NaNO3, and KNO3 electrolytes. (a) charge-discharge curves at a current density of 0.1 




retentions as functions of current densities, (d) capacitance retentions as a functions of cycle 
numbers. The current density is 0.1 mA cm-2. 
Table 4-3. Comparison of the key electrochemical performance parameters and shifts of 
Raman band features between the potential window for LiNO3, NaNO3, and KNO3.  







2.5 A cm-2 vs 
0.1 A cm-2 
Retention-
3000th cycle 












Li+ 881 65.7 73.3 37 13 48 -0.11 
Na+ 858 61.3 89.3 27 9 32 0.54 
K+ 835 60.3 92.4 21 5 23 0.81 
4.5.3.  Cation size effect on impedance spectroscopy 
More importantly, the impedance spectra were directly with the Raman spectra 
collected in 3 different types of electrolytes at a particular polarization potential under in 
operando conditions. Shown in Figure 4-17 are some typical impedance spectra and the 
corresponding Raman spectra for a MnO2 electrode immersed in electrolytes of 2M LiNO3, 
NaNO3, and KNO3 while the potential was kept at 0.3 V (vs Ag/AgCl), which represents 
an intermediate stage of charge. The spectral features of ν1 band and ν2 band (including 
band positions, band intensity ratio, and band width) in the Raman spectra can be correlated 
with the key features of the impedance spectra, including the characteristic transition 
frequencies and cell resistance. The first transition frequency (fCT), which represents the 
shift from charge transfer region (high frequency region) to diffusion region (mid 
frequency region), for LiNO3 (501 Hz), is much higher than that for NaNO3 (63 Hz) and 
KNO3 (50 Hz). Similarly, the second transition frequency fW, which represents the shift 
from diffusion region (mid frequency region) to capacitive storage region (low frequency 




suggesting that the smaller cations such as Li+ move faster within the interlayer spacing 
than the larger ones and, thus, offer a higher rate capability. Also, the extrapolated cell 
resistance, the intercept with the real axis at low frequencies, are the smallest for the LiNO3 
electrolyte (8.4 Ωcm2) and the largest for the KNO3 electrolyte (14.3 Ωcm
2). At a given 
frequency (e.g., 0.05 Hz), the real part of the impedance is also the smallest for the LiNO3 
electrolyte (74.3 Ωcm2) and the largest for the KNO3 electrolyte (85.0 Ωcm
2), consistent 






Figure 4-17. Some typical impedance spectra (left and middle panel) and Raman spectra (right 
panel) collected at 0.3 V vs Ag/AgCl in 2 M of (a) LiNO3, (b) NaNO3, and (c) KNO3 electrolytes. 
The left panel shows the high/mid frequency part and the mid panel shows the low frequency part. 
The transition frequencies (fCT and fW), the cell resistance, the real part of the impedance at 0.05 
Hz, and the key Raman band positions (ν1 band and ν2 band) are marked for direct comparison. 
Also, equivalent circuit fitting of the impedance spectra was performed to form 
quantitative correlation between the electrochemical performance (rate capabilities and 




circuit used to fit the impedance spectra was shown in Figure 2-10, where RCT, RW, TW, 
and Cps represent the charge transfer resistance, the diffusion resistance, the diffusion time 
constant, and the specific capacitance, respectively. Summarized in Table 4-4 are the key 
parameters of electrochemical performance and Raman bands for LiNO3, NaNO3, and 
KNO3 at an intermediate charged stage (0.3 V). Smaller cation size leads to smaller RCT, 
RW, and TW, which agree well with the experimental fact that better rate capabilities was 
achieved when smaller size cations are used (Figure 4-16c). In addition, the specific 
capacitance values estimated from the impedance data also displayed a trend that smaller 
cations (Li+) lead to slightly higher capacitance values, also consistent with the results of 
charge-discharge measurements discussed earlier. 
Table 4-4. Comparison of the key electrochemical properties of a MnO2 electrode measured 
at 0.3 V (vs Ag/AgCl) in 3 different types of electrolytes (LiNO3, NaNO3, and KNO3) and the 
corresponding spectral features of Raman spectra collected at the same time. 
4.6.  Insights on rational design 
Finally, the elucidated charge storage mechanism could offer potential insights on 
the engineering the structure of MnO2 electrodes. The electrochemical characterization 
results (summarized in Table 4-3 and Table 4-4) show that the diffusion resistance is quite 
significant, implying that the resistance to cation insertion and extraction makes the major 
contribution to the capacitance loss at high cycling rates. Accordingly, reducing the 






















Li+ 2.06 22.7 0.32 0.0110 629 582 52 1.36 
Na+ 5.67 31.2 0.37 0.0105 635 580 40 1.79 




diffusion resistance is essential for efficient cation incorporation to better realization of a 
theoretical capacitance and better rate capabilities. Therefore, in this chapter, the rational 
design strategy by engineering the crystalline orientation of MnO2 is proposed. If the layers 
of MnO2 are aligned vertically to the surface of the current collector, as schematically 
shown in Figure 4-18a, the electrode surface exposed to the electrolyte is fully accessible 
for electrolyte cation incorporation into the interlayer spacing. Thus, a MnO2 electrode with 
this orientation is expected to have minimized diffusion resistance thus provide better rate 
capabilities and high usable capacitances.  In contrast, if the layers of MnO2 are aligned 
parallel to the surface of the current collector as seen in Figure 4-18b, it will potentially 
lead to significant diffusion resistance and thus poorer electrochemical performance.  
 
Figure 4-18. Two proposed thin film templates of MnO2-based pseudocapacitors and schematics 
of cation transport. (a) MnO2 films with vertically aligned MnO2 layers. (b) MnO2 film with 
horizontally aligned MnO2 layers. 
Similar strategy has been adopted by other types of energy storage materials where 




the charge storage mechanism Li-ion battery cathode materials, layered LiMO2 (M=Mn, 
Co, or Ni), is also based on Li ion incorporation within the interlayer spacing of LiMO2, 
which is similar to the pseudocapacitive cation incorporation mechanism for MnO2 in this 
study. By engineering the crystalline orientation of LiMO2 to maximize the accessible 
interlayer spacing for electrolyte cations, the electrochemical performance (especially the 
rate capability) can be greatly improved as reported by a number of recent works.137-139 
Besides layer-structured Li-ion batteries based on Li-ion incorporation, other types of 
materials based on this design strategy has proven enhanced electrochemical performance 
as well; the graphene layers that are aligned vertically on current collectors exhibited by 
much better rate capabilities and specific capacitances than graphene layers aligned 
horizontally.140 Moreover, similar to our design strategy, the vertically aligned layer-
structured Ni(OH)2-based pseudocapacitor also exhibited outstanding electrochemical 
performance with excellent rate capabilities.141 Thus, on the basis of the charge storage 
mechanism study, it is expected that controlling the orientation of the MnO2 layers growth 
and better engineered nanostructures could dramatically enhance the performance of 
MnO2-based pseudocapacitors. 
4.7.  Conclusions 
In this chapter, the charge storage mechanism of pseudocapacitive MnO2 was 
systematically investigated using in operando Raman spectroscopy performed on a well-
controlled thin-film model MnO2 electrode. The unravelled mechanism is shown 
schematically in Figure 4-19.By adjusting sizes of electrolyte cations (Li+, Na+, and K+), 
similar Raman spectroscopic evolution was observed. Careful analyses of the spectral 




discharge) in electrolytes with different cations offer insights into the correlation between 
the structural changes and the charge storage mechanism in pseudocapacitive MnO2. 
Further, the cation-size effects on band positions were validated by theoretical calculations 
of phonon energies for MnO2 incorporated with different sizes of cations. Also, the band 
features were quantitatively correlated with the state of discharge of pseudocapacitive 
MnO2 for different electrolyte cations. Finally, the elucidated cation incorporation 
mechanism revealed by the cation size effects from Raman spectroscopic analyses is 
directly correlated to cation size effects on the electrochemical performance characteristics 
of MnO2.  
 





5. PROBING ELECTROCHEMICAL CHARGE STORAGE 
MECHANISM OF NICKEL HYDROXIDE/OXO-HYDROXIDE 
ELECTRODE MATERIAL 
5.1.  Introduction 
Nickel hydroxides/oxo-hydroxides compounds (NiO2Hx) are a class of electrode 
materials, which features transitional behavior between a battery and a supercapacitor. This 
family of materials is among the most attractive candidates for a new-generation of energy 
storage systems because of their unprecedented theoretical capacity (e.g., ~3000 F g-1 for 
capacitors and ~450 mAh g-1 for batteries) and superior stability within a wide range of 
potentials owing to low equivalent mass and a broad oxidation state window of Ni (Ni(II)-
Ni(IV)).142-145 In recent years, various nanostructured electrode materials (e.g., low 
dimension nanomaterials and heteroatom-doped 3-D nanostructures),146-149 have been 
created to enhance the electrochemical performance,150-153 resulting in larger capacity, 
higher rate capabilities, and longer cycling life. Despite the impressive progress on 
electrochemical performance achieved so far, a fundamental understanding of the structural 
evolution, the charge storage mechanism, and the contributions of redox reactions to the 
capacity of NiO2Hx is still lacking, due primarily to the complex crystalline structures of 
the redox active NiO2Hx under cycling conditions.
154 The basic structural element of the 
NiO2Hx crystal is NiO2 layers composed of edge-sharing NiO6 octahedra. On one hand, 
hydrogen atoms can be bonded to oxygen atoms, which forms O-H bonds in the layered 
framework.154 On the other hand, the interlayer spacing can accommodate different types 




stoichiometry of H and interlayer ions are in accordance with the oxidation state of Ni, thus 
leading to a variety of polymorphs: when x is close to 2 and interlayer species are 
incorporated, the structure is named as α-Ni(OH)2;
155,156 the extraction of interlayer species 
from α-Ni(OH)2 leads to a closely packed layered structure, denoted as β-Ni(OH)2;
156-158 
the oxidized form of α-Ni(OH)2 is named as γ-NiOOH (with interlayer species);
144,157-159  
the extraction of interlayer species from γ-NiOOH leads to the structure called β-
NiOOH.154,159 The completely dehydrogenated form of NiO2Hx with large amount of 
incorporated cations (e.g., Li1-δNiO2) can also be categorized into this class of 
material.15,154,160 These types of polymorphs can be readily interconverted from one to 
another. 157,158 
 
Figure 5-1. A schematic sketch of NiO2Hx layered structure showing bonded hydrogen and 




Despite the complicated polymorphs of NiO2Hx, the basic structure (Figure 5-1) on 
which various polymorphs are based has two possible mechanisms to store charge (i.e., to 
change the oxidation states of Ni); the breaking/formation of O-H bond and 
insertion/extraction of electrolyte cations. On one hand, since the energy storage of NiO2Hx 
is primarily operated in KOH electrolytes, the OH--assisted breaking/formation of O-H 
bond is expected to play a significant role.144,150,161 On the other hand, a lot of researches 
suggested cation insertion/extraction can also contribute considerably to charge storage,162-
164 since it has been revealed that the stoichiometry of NiO2Hx can accommodate large 
amount of cations between the layers (e.g., Na0.32H0.22(H2O)0.25NiO2 and other similar 
forms).144,157,165,166 Cation insertion/extraction is also responsible for charge storage of 
other types of layer-structured pseudocapacitive and battery materials (e.g., layered MnO2-
based pseudocapacitors and LiCoO2/LiNiO2-based Li-ion battery cathodes).
15,40,102 
Therefore, the detailed contribution of both breaking/formation of O-H bond and cation 
insertion/extraction should be systematically evaluated. More importantly, it is imperative 
to quantitatively correlate the charge storage with the structural features of NiO2Hx in order 
to gain a fundamental understanding of the charge storage mechanism.  
In this chapter, relying on resonance enhancement, in operando resonance Raman 
spectroscopy was applied to evaluate the charge storage contribution of two possible redox 
mechanisms for NiO2Hx by adjusting properties of electrolyte solutions. Key phonon 
properties were quantitatively analysed and correlated with the amount of stored charge, 
providing important insight into the mechanism of charge storage and scientific basis for 
knowledge-based design of better electrode materials. 




5.2.1.  Sample preparation 
In this study, a thin film model electrode was fabricated by electrochemically 
oxidizing the bare Ni foil. When the bare Ni foil was immersed in a 2 M KOH electrolyte, 
a thin layer of nickel hydroxide will form on the surface, because Ni metal starts to be 
unstable as long as the potential of Ni is higher than -0.7 V vs Ag/AgCl in strong base 
solution according to the Pourbix diagram of Ni/NiO2Hx/NiO2.
167,168 During extensive 
cycling of the Ni foil between 0 V and 0.6 V, the foil surface will be gradually oxidized to 
form γ-NiOOH with water molecule and cations incorporated between its layers 
eventually.158,168,169 Figure 5-2 shows the CV profile of the electrochemical oxidation of 
Ni foil within 3000 cycles. The foil exhibited negligible current density in the first cycle. 
However, it is obvious that the current density gradually increases with cycles numbers 
and doesn’t change significantly when the cycle number approach 3000. It is also noted 
that the overpotential of the redox peak gradually increase with current density, which is 
owing to the increased  thickness of the nickel hydroxide film caused higher ohmic 
resistance. 
 
Figure 5-2. CV profiles of Ni foil within 3000 cycles with an interval of 50 cycles. The scan rate 




5.2.2.  Electron microscopic characterization 
Figure 5-3 shows the morphology of the model electrode, indicating a flat surface, 
which is beneficial for acquisition of Raman spectra and unambiguous correlation of 
structural properties and electrochemical behavior. A closer view of the surface (Figure 




Figure 5-3. Scanning electron microscope (SEM) images of NiO2Hx thin film model electrode. 
Because of the limited thickness of the NiO2Hx film, the X-ray diffraction pattern 
of the film barely exhibited diffraction signal of NiO2Hx. Therefore, TEM was applied for 
the phase analyses.  Figure 5-4 left shows the TEM image of the scraped thin film of 
NiO2Hx, which exhibits clear layered fringes. The SAED pattern is shown in Figure 5-4 
right, which indicates three weak diffraction rings. Based on the XRD patterns of layer-
structured γ-NiOOH based complex (JCPDS 23-1407, JCPDS 27-0764, JCPDS 06-0075) 
and the sizes of the diffraction rings shown in Figure 5-4, 159,165 the three diffraction rings 





Figure 5-4.  (left) Transmission electron microscope (TEM) image of the scraped NiO2Hx thin film. 
(right) SAED pattern and diffraction ring assignments of scraped NiO2Hx thin film. 
5.2.3.  Raman spectrum and vibrational analyses 
Figure 5-6 shows the Raman spectrum of the thin film model electrode. Two Raman 
bands (labeled as ν1 band and ν2) can be clearly observed and match very well with Raman 
spectrum of γ-NiOOH.168,170,171 To assign the two Raman bands, group theory analyses and 
polarized Raman study is needed. As mentioned above, the layer-structured NiO2Hx has 
complicated structures and stoichiometry, regarding the amount of the bonded hydrogen 
and interlayer ions. Depends on the bond length and coordination of oxygen, the space 
group of the NiO2Hx complex was reported as a variety of types (e.g., hexagonal R-3m or 
monoclinic C2/m).158,159,165,166 In order to simplify the phonon band assignment, the simple 
model of NiO2 layer with highest order of symmetry (R-3m, No. 166) was applied, which 
doesn’t take the bonded hydrogen and interlayer ions into account (Figure 5-5). The space 
group (R-3m, No. 166) is based on point group D3d. The character table of D3d point group 





Figure 5-5. An illustration of simplification of a NiO2 layer structure model for Raman band 
assignment based on group theory. 
Table 5-1. The character table of the D3d point group 
D3d(-3m) # E C3 C2 i S6 σd functions 
Multiplicity - 1 2 3 1 2 3 · 
A1g Γ1+ 1 1 1 1 1 1 x2+y2, z2 
A2g Γ2+ 1 1 -1 1 1 -1 Jz 
Eg Γ3+ 2 -1 0 2 -1 0 
(x2-y2, xy), (xz, yz), 
(Jx, Jy) 
A1u Γ1- 1 1 1 -1 -1 -1 · 
A2u Γ2- 1 1 -1 -1 -1 1 z 
Eu Γ3- 2 -1 0 -2 1 0 (x, y) 
 
Since one unit cell contains 3 Ni and 6 oxygens, considering the multiplicity of R-
3m group (3), the total number of independent atoms or ions is 3. Threfore, the total degree 
of freedom (DOF) is 9. Based on group theory analyses, the mechanical representation of 
the NiO2 layer can be classified as the sum of the following irreducible representations 
79,130-132: 
 1 2 2g u u gA A E E      . (86) 
One A1u mode and one Eu mode are acoustic modes. Among the four optical modes, the 




only two Raman bands were observed. For the A1g mode, the oxygens vibrate perpendicular 
to the plane formed by oxgyen; whereas the oxygens vibrate along this plane for the Eg 
mode (Figure 5-6). The Raman tensors of the two modes are: 
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It is noted that the Raman tensor of the A1g mode is a diagonal matrix, whereas the Raman 
tensor of the Eg mode has no diagonal elements. Therefore, the scattered light of the A1g 
mode will largely maintain the polarization direction of the incident laser and the scattered 
light of the Eg mode will be completely depolarized because of the polycrystalline nature 
of the film (69). By switching the polarization configuration from Z̄(XX)Z to Z̄(XY)Z , the 
relative intensity of the ν1 band is greatly reduced (Figure 5-6), confirming the Raman band 
assignments that ν2 band belongs to the Eg mode and ν1 band belongs to A1g mode.  
 
Figure 5-6. Raman spectra of the NiO2Hx thin film model electrode under Z̄(XX)Z and Z̄(XY)Z 
polarization configurations. The corresponding band assignments (Eg and A1g) and the sketches of 




More importantly, since these two phonon modes are directly related to the lattice 
vibration of NiO2 framework, the structural changes as a result of charge storage (e.g.,  Ni-
O bond length, electron cloud distribution, and structural disorder) will inevitably lead to 
the evolution of phonon properties, including phonon hardening/softening, polarizability 
changes, and degeneration of symmetry, which will be observed as evolution of band 
positions, band intensities, and band profiles experimentally. The quantification of these 
phonon properties provides solid basis to correlate structural changes with charge storage 
contributions unambiguously, which makes in operando Raman spectroscopy perfectly 
suited for this study. 
5.2.4.  Resonance Raman behavior 
To optimize the sensitivity of probing subtle changes in phonon bands during in 
operando experiments, the light absorption properties and resonance Raman effect of the 
NiO2Hx model electrode were examined.   
5.2.4.1. Adsorption spectrum 
The absorption spectrum of the NiO2Hx model electrode was obtained by 
comparing the reflection spectra of a reference standard and the model electrode. Since the 
NiO2Hx model electrode has no light transmission, the absorbance can be expressed by the 






   . (86) 
Figure 5-7 shows the reflection spectra of both reference standard and the model electrode 
measured by the customization of Raman spectrometer using white light illumination (a 
halogen lamp). The reflected light was collected by a high NA objective (50X/0.75) and 




standard describes the intensity profile of the light source used for white light illumination. 
The reflection spectrum of the model electrode indicates strongly reduced reflectance in 
the visible light range, especially in the region between 600-700 nm where a clear 
reflectance minimum is observed. The resulting absorption spectrum shows wide 
absorbance profile in the visible light range with a maximum between 650-700 nm (Figure 
5-8a).  
 
Figure 5-7. Reflection spectra of an Ocean Optics reference standard and the NiO2Hx model 
electrode acquired by customization of Raman spectrometer using white light illumination. 
Since the reflection spectra acquired by the customization of Raman spectrometer 
was collected by an objective (50x/0.75), a small portion of reflected light cannot be 
collected. Therefore, a standard Ocean Optics UV-vis spectrometer (DH-2000) equipped 




reflection spectra. An Ocean Optics DH-2000 light source and a QP450-1 optical fiber 
were applied as light source and light transmission fiber respectively. The reference 
spectrum was acquired using an Ocean Optics reference standard. The acquisition time was 
65 s with boxcar value of 3 to smooth the spectrum. Because of the limited efficiency of 
integration sphere and much lower sensitivity of CCD detector of UV-vis spectrometer 
than that of Raman spectrometer, the signal-to-noise ratio of the absorption spectra (Figure 
5-8b) acquired by Ocean Optics is much lower than that of the spectra acquired by 
customization of Raman spectrometer (Figure 5-8a). However, it is obvious that the two 
spectra show same absorption characteristics generally, which is the broad absorbance 
profile with a maximum near 700 nm.  
 
Figure 5-8. The absorption spectra acquired by (a) the customization of Raman spectrometer using 
white light illumination and (b) Ocean Optics UV-vis spectrometer equipped with an integration 
sphere. 
5.2.4.2. Resonance Raman effect 
On the basis of the measurement of absorption spectrum, the resonance Raman 
effect can be analysed.  Among the wavelengths of commonly used lasers in the visible 




(Figure 5-9a), which is closer than those of the Argon ion lasers (488 nm and 514 nm). 
Consequently, much stronger resonance enhancement was observed under excitation of 
633 nm laser than 488 nm or 514 nm laser of equivalent laser power (Figure 5-9b), despite 
the fact that normal Raman scattering efficiency is proportional to the fourth power of the 
excitation laser frequency (equation (66)). Because of the strong resonance enhancement 
under the excitation of 633 nm laser, the sensitivity and specificity of in operando Raman 
spectroscopy has provided unambiguous correlation between phonon and electrochemical 
properties. 
 
Figure 5-9. (a) UV-vis absorption spectrum of NiO2Hx thin film model electrode marked with 
available excitation laser wavelengths. (b) Raman spectra of the NiO2Hx thin film model electrode 
using different excitation lasers with equivalent laser power of 4 mW. 
5.3.  In operando Raman spectroscopic analyses 
5.3.1.  Analyses of general energy storage 
The in operando Raman spectroscopic evolution was tested first in a 2 M KOH 
aqueous electrolyte, which is aimed to evaluate the structural change of NiO2Hx in general 
charge storage applications. It is noted that in the KOH electrolyte both cation 




to the charge storage process. Figure 5-12 shows the in operando resonance Raman 
spectroscopic evolution along with the CV profile in the potential window of 0-0.5 V. It is 
observed that a pair of redox peaks appeared in the range of 0.3-0.5 V (vs Ag/AgCl), which 
is in accordance with the electrochemical behavior of most reported works of NiO2Hx.
150,172 
This CV profile can be well maintained as the scan rate increased up to 500 mV s-1 (Figure 
5-10 left). Similarly, the charge-discharge experiment with different current densities was 
also performed to calculate the capacitance/capacity retention (Figure 5-10 right and Figure 
5-11). Because of the prescence of strong CV peaks for NiO2Hx, this electrochemical 
behavior can be considered as a transitional behavior between a battery and a capacitor. 
Therefore, the units for the charge storage of battery system (Ah or C) were used for charge 
storage capacity calculation. According to Figure 5-11, more than 80% of the charge 
storage capacity (261 mAh g-1) was retained when the current density was increased from 
0.025 to 5 mA cm-2 (2.1 to 427 A g-1 with respect to mass of active material). The calculated 
areal and specific capacity are 10.98 mC cm-2 and 261 mAh g-1 (or 1,877 F g-1), respectively 
(considering the fact that a large number of reported works about battery-like materials 
have already used Farad as unit, the charge storage capacity calculated using the unit “F g-
1” is 1877 F g-1). The superior rate capability mentioned above indicate the flat geometry 
of the NiO2Hx model electrode can greatly reduce the kinetic hindrance caused by 
electrolyte mass transport, which is crucial for unambiguous and quantitative correlation 





Figure 5-10. (Left) Cyclic voltammogram (CV) of the NiO2Hx thin film model electrode with 
different scan rates in a 2 M KOH aqueous electrolyte. (Right) The charge-discharge profiles of the 
NiO2Hx model electrode with different current densities in a 2 M KOH aqueous electrolyte. 
 
Figure 5-11. The capacity/capacitance retentions of the NiO2Hx model electrode tested in a 2 M 




The in operando Raman spectra were acquired with an interval of 0.05 V during 
the CV test (Figure 5-12). First, no new bands were observed, proving no extra phases were 
produced during charge storage. Second, it is clearly shown that the Raman spectra didn’t 
present significant evolution in the potential range where no obvious charge storage is 
observed (0-0.35 V in anodic process, 0.3-0 V in cathodic process). Third, however, in the 
potential range between 0.35-0.5 V in anodic process, the energy of Eg mode, denoted as 
ω(Eg), was blue-shifted from 474 cm
-1 to 480 cm-1. Similarly, ω(A1g) was blue-shifted to 
554 cm-1 to 558 cm-1. The intensity ratio, denoted as I(A1g)/I(Eg), increased from 0.50 to 
0.69. These phenomena clearly indicate massive positive charge storage lead to the 
stiffening of both the A1g mode and the Eg mode, as a straightforward indication of 
shortening of Ni-O bond, and an increase of the polarizability of the A1g mode, which is 
resulting from the change of electron cloud distribution within NiO2 layer. Reversibly, 
significant red shift of both the A1g mode and the Eg mode and a decrease of I(A1g)/I(Eg) 
were observed in the range between 0.5-0.3 V in the cathodic process along with significant 
reductive current, which suggest the release of the stored positive charge restored the Ni-
O bond length and electron cloud distribution within NiO2 layer. In addition, the Raman 
spectroscopic evolution remained largely the same as the electrolyte was changed from 
KOH to NaOH and LiOH, implying that the charge storage mechanism is independent of 





Figure 5-12. In operando Raman spectroscopic evolution of the NiO2Hx thin film model electrode 
operated in a 2 M KOH aqueous electrolyte. The corresponding CV profile (10 mV s-1) is shown 
on the right panel. The potential of each spectrum is indicated by the color bar located between the 
spectra and the CV curves. The color bar is separated into 20 grids. Each grid represents a potential 
interval of 0.05 V, over which, the spectrum was acquired during the in operando measurements. 
The red shifts and blue shifts of the A1g mode and the Eg mode are marked on the spectra. A 
schematic sketch of breaking/formation of O-H bond is also shown to illustrate the redox behavior 





Figure 5-13. Evolution of in operando Raman spectra of a thin-film model NiO2Hx electrode 
cycled in 2 M aqueous KOH, NaOH, and LiOH aqueous electrolytes. 
In order to corroborate the analyses obtained from in operando Raman 
spectroscopic measurements, the reflectance of the model electrode under in operando 
conditions was measured. Light reflection is complementary to light absorption, which 




Figure 5-14 shows the reflectance profile of the electrode as the potential (vs Ag/AgCl) of 
the working electrode (WE) was changed from 0 V to 0.5 V in a 2 M KOH electrolyte 
solution. A signficant red shift of the reflection profile (correpsonding to a blue shift of 
absorption) is clearly observed as the WE potential was switched from 0 V to 0.5 V. This 
shift suggests an increase in the energy gap of electronic state transition and evolution of 
the oxidation state of Ni, consistent with the Raman spectroscopic evolution as a function 
of electrochemical potentials. It is noted that the reflection profile under the in operando 
condition shown in Figure 5-14 exhibited discrepancies with the light reflectance profile 
under ex-situ condition shown in Figure 5-7, since the existence of the electrolyte will 
strongly interfere with light absorption/reflection. Also, the light reflectance profile under 
in operando condition cannot be converted to the light absorption profile because of the 
lack of the light reflectance behavior of a reference standard under the same operando 
condition. However, the evolution of light reflectance alone can provide strong evidence 





Figure 5-14. Light reflection measurements of the NiO2Hx thin film model electrode at 0 V and 0.5 
V in a 2 M KOH aqueous electrolyte solution. 
5.3.2.  Analyses of the contribution from cation incorporation 
In the KOH electrolyte, it cannot unambiguously distinguish the contribution of 
charge storage and structural evolution of possible redox mechanisms, since both cation 
insertion/extraction and breaking/formation of O-H bond are likely to contribute to the 
charge storage as mentioned above. Thus, to unambiguously unravel this issue, the in 
operando Raman spectroscopic evolution was performed in a neutral electrolyte (2 M 
KNO3) to evaluate the charge storage contribution from cation insertion, since the anion of 
the neutral electrolyte (NO3
-) cannot be involved in the reaction of breaking/formation of 
O-H bond. Figure 3 shows the in operando Raman spectroscopic evolution along with the 
CV profiles. The potential window used in 2 M KNO3 was shifted to a higher potential 
range (0.5-1.0 V) compared to the potential window used in the 2 M KOH electrolyte (0-
0.5 V), since the stability window of NiO2Hx will shift to higher potentials as pH decrease 
according to the Pourbix diagram.167,168 It is clearly noted that the CV exhibited a 
rectangular-like profile, which can be maintained up to 500 mV s-1 (Figure 5-15), similar 
with the case of layer-structured pseudocapacitive MnO2,
40 indicating cation 





Figure 5-15. Cyclic voltammogram (CV) of the NiO2Hx thin film model electrode with different 
scan rates in a 2 M KNO3 aqueous electrolyte. 
For the Raman spectroscopic investigation, it is observed that the Raman bands 
were broadened as soon as the NiO2Hx was immersed in the 2 M KNO3 electrolyte (Figure 
5-16). The band broadening is a clear indication of cation incorporation between the 
interlayer spacing, because the incorporated cations will lead to break of the lattice 
symmetry, leading to structural disorder and thus band broadening effect.40,114,115,173 
Similar band broadening effects related to cation incorporation has been reported in 





Figure 5-16. Comparison of the Raman spectra of the as-prepared NiO2Hx model electrode and the 
electrode immersed in a 2 M KNO3 electrolyte at OCV condition. 
However, it is obvious that the CV current density (Figure 5-17) was much lower 
than that of the CV tested in the 2 M KOH electrolyte (Figure 5-12). Moreover, during the 
operation of the NiO2Hx, the Raman spectra of NiO2Hx didn’t exhibit noticeable feature 
changes (Figure 5-17); ω(Eg) and ω(A1g) were retained to be 476 cm
-1 and 554 cm-1, 
respectively, while I(A1g)/I(Eg) was calculated to be 0.57. These experimental facts suggest 
the charge storage caused by cation incorporation can’t cause significant evolution of 
phonon energies and phonon polarizabilities, implying the properties of Ni-O bond and 
electron cloud distribution within NiO2 layer remain static during cycling. Meanwhile, the 
static spectroscopic evolution is in accordance with the limited current density observed in 
the CV profile, which qualitatively indicates the cation incorporation cannot lead to 





Figure 5-17. In operando Raman spectroscopic evolution of the NiO2Hx thin film model electrode 
operated in a 2 M KNO3 aqueous electrolyte. The corresponding CV profile (10 mV s-1) is shown 
on the right panel. The potential of each spectrum is indicated by the color bar located between the 
spectra and the CV curves. The color bar is separated into 20 grids. Each grid represents a potential 
interval of 0.05 V, over which, the spectrum was acquired during the in operando measurements. 
A schematic sketch of interlayer cation insertion/extraction is also shown to illustrate the redox 
behavior in the KNO3 electrolyte on the basis of quantitative analyses. 
5.4.  Quantitative analyses 
To quantitatively analyze the charge storage contribution of the two redox 
mechanisms, quantitative Raman spectroscopic analyses were performed to correlate the 
structural features and charge storage. The two Raman bands (A1g and Eg) were fitted using 
a Lorentzian profile  (equation (72)) and the stored charge density were calculated by 
integrating the CV profile acquired during in operando experiments shown in Figure 5-12 
and Figure 5-17 . Figure 5-18 shows the energy of Eg mode, energy of A1g mode, 
I(A1g)/I(Eg), and the charge storage density as functions of the potential of WE for both 
KOH and KNO3 electrolytes. In the KOH electrolyte (Figure 5-18a-d) , the evolution of 
ω(Eg), ω(A1g), and I(A1g)/I(Eg) are in excellent quantitative agreement with the profile of 




quantitatively associated to phonon energies and phonon polarizabilities. To be specific, in 
the potential range where no significant charge is stored/released, the phonon band 
properties remain largely static; as significant amount of charge is stored/released, the 
phonon band energy (ω(Eg) and ω(A1g)) exhibit systematic stiffening/softening and band 
intensity ratio I(A1g)/I(Eg) show systematic increase/decrease as a same profile of charge 
storage (Figure 5-18a-d). On the other hand, in the KNO3 electrolyte, all of the band 
features basically retained the same values as functions of potentials, also quantitatively 
consistent with the limited stored charge (about 4 % of the stored charge in the KOH 
electrolyte based on the enlarged plot). Thus, it can be concluded that the structural features 
and charge storage in the KOH electrolyte shown in Figure 5-18 are essentially contributed 
by the breaking/formation of O-H bond (as marked in Figure 5-12) with the minor 
contribution from cation insertion/extraction (marked in Figure 5-17). 
 
Figure 5-18. Quantitative correlation between key spectroscopic features and stored charge density 
of the NiO2Hx model electrode when 2 M KOH and 2 M KNO3 were used as electrolytes. (a - d) 




and Eg (i.e., I(A1g)/I(Eg)), and stored charge density as functions of the WE potential when KOH 
was used as the electrolyte, respectively. (e - h) The values of ω(Eg), ω(A1g), I(A1g)/I(Eg), and stored 
charge density as functions of the WE potential when KNO3 was used as the electrolyte, 
respectively. 
5.5.  Conclusions 
In this chapter, a systematic in operando resonance Raman spectroscopic study of 
thin-film NiO2Hx model electrodes was performed to investigate the contributions of two 
possible redox mechanisms of NiO2Hx during cycling. Depending on resonance 
enhancement effect, it is found that the phonon properties of NiO2Hx, including ω(Eg), 
ω(A1g), and I(A1g)/I(Eg), exhibited systematic evolution along with massive redox charge 
storage in the 2 M KOH electrolyte, whereas limited charge storage and spectroscopic 
evolution were observed in the 2 M KNO3 electrolyte. Quantitative Raman band analyses 
indicate that phonon properties (ω(Eg), ω(A1g), and I(A1g)/I(Eg)) show strong quantitative 
dependence on charge storage, confirming that the breaking/formation of O-H bond 
provides a major contribution to charge storage while cation insertion/extraction playing a 






6. UNRAVELING THE NATURE OF ANOMALOUSLY FAST 
ENERGY STORAGE IN T-NIOBIUM OXIDE 
6.1.  Introduction 
In previous two chapters, charge storage mechanisms of two types of 
pseudocapacitive materials were investigated using in operando Raman spectroscopy and 
vibrational analyses. As mentioned in chapter 1 and chatter 2, beside supercapacitors, Li-
ion batteries are another category of energy storage devices for transportation power 
supplies and portable electronics.  The commercialization of Li-ion batteries is more 
successful than that of pseudocapacitors.  In recent decades, tremendous efforts have been 
devoted to the developments of extraordinarily high-rate Li-ion battery materials,143,174-177 
in order to make the rate capability comparable to that of pseudocapacitors and develop a 
new-generation of high-power energy storage devices. The most remarkable progress in 
this pursuit is the discovery of the anomalously fast energy storage behavior of T-
Nb2O5.
174,178,179  In contrast to the mainstream intercalation-type energy storage materials 
(e.g., LiCoO2, LiMn2O4, and LiFePO4), the rate of Li ion intercalation into T-Nb2O5 (even 
for a very thick composite electrode) increased almost linearly with the scan rate (equation 
(17)),174,180-182 which indicates extremely fast Li ion intercalation that Li ion diffusion 
doesn’t limit the kinetics. Also, this linear relation between the CV current and the scan 
rate is believed to be the exclusive characteristic of surface-bound capacitive reactions. 
This unique energy storage behavior of T-Nb2O5 was defined as “intercalation 
pseudocapacitance”.174,180 Therefore, T-Nb2O5 holds a great perspective on the 




compromising power densities,174 and has been utilized by various works related to device 
engineering.183-188 However, the fundamental principles of “intercalation 
pseudocapacitance” of T-Nb2O5 remain unsolved. 
Unravelling the Li ion intercalation mechanism is a challenging task because the 
crystal structure of T-Nb2O5 is complex, as shown in Figure 6-1.  In the T-Nb2O5 crystal, 
Nb ions are coordinated with either six or seven oxygen ions, forming either tilted 
octahedral (NbO6) or tilted pentagonal bipyramids (NbO7).
189,190 These NbO6 and NbO7 
polyhedra share either corners or edges, constituting an orthorhombic structure (space 
group: Pbam, No. 55).189,190 Since the discovery of its anomalously fast energy storage 
behavior, various state-of-art characterization techniques have been applied to probing the 
Li ion storage mechanism in T-Nb2O5. Unfortunately, the understanding of the Li ion 
intercalation mechanism is still at a preliminary stage because of the complexity of the 
structure.181,191-193 In situ X-ray diffraction (XRD) revealed that Li ion incorporation into 
T-Nb2O5 forms a solid solution, resulting in lattice expansion/contraction during 
lithiation/delithiation.181,191,192 In situ X-ray absorption spectroscopy (XAS) analysis 
confirmed the change of oxidation state of Niobium ions as well as evolution of Nb-O bond 
length under cycling conditions.174,192 Very recently, ex-situ nuclear magnetic resonance 
(NMR) analyses further confirmed the ultrafast kinetics of T-Nb2O5.
194 Nonetheless, the 
exact Li ion intercalation mechanism, which is responsible for the above-mentioned 
changes in lattice parameters, changes in Nb oxidation states, as well as the ultrafast 





Figure 6-1. A sketch of the crystalline structure of T-Nb2O5. 
In previous two chapters, in operando Raman spectroscopy has been successfully 
applied to the study of two supercapacitor materials (MnO2 and NiO2Hx).
40,41 Since the 
number of vibrational modes is limited for these simple crystal structures, the evolution of 
a Raman peak or band can be directly linked to a specific structural change, thus offering 
critical insight to the mechanism of charge storage in electrode materials. This rationale 
was also applied to previous in operando Raman studies on classic Li-ion-based energy 
storage materials (LiCoO2, LiMn2O4, LiFePO4, and Li-graphite),
173,195-200 and catalysts.   
For a material with a complex structure like T-Nb2O5, however, the vibrational 
structures are so complex that it becomes extremely difficult, if not impossible, to 
straightforwardly correlate a single vibrational band with a specific structural change in the 
material. Therefore, it is necessary to systematically probe the detailed structural 
information of the complex material using in operando Raman spectroscopy performed on 
a well-designed model cell under well-controlled operating conditions, together with a 
comprehensive theoretical analysis of the vibrational structures. On the basis of the model 
of Li ion incorporation, it is found that the in operando Raman spectroscopic evolution is 




vibrational density of states (VDOS), which explains the essential factors of “intercalation 
pseudocapacitance” in terms of crystallographic sites, type of void, and transport path of 
Li ions. The detailed experimental and computation investigations are included in 
following sections. 
6.2.  Sample preparation and characterization 
6.2.1.  Fabrication of thin film T-Nb2O5 
Fabrication of a thin-film model electrode of controlled geometry is the first step 
for a systematic mechanism study. First, the T-Nb2O5 powder is synthesized. As a typical 
synthesis process, 0.691 g of NbCl5 powder (Alfa-Aesar) was dissolved in 2 ml ethanol 
under ice-bath condition. After the ethanol solution was kept under ice-bath condition for 
2 hours, 0.2 ml of cooled DI water was added. Then, the solution was slowly injected by 1 
ml of cooled propylene oxide (Alfa-Aesar), forming a transparent gel. Afterwards, the gel 
was kept in fridge for 24 hours. To remove the organic by-products and chlorides during 
the above-mentioned steps, 10 ml of acetone was added to the formed gel and was kept 
being replaced repeatedly for a week.  The cleaned gel was dried using Liquid N2 and 
calcined under 400 oC in air for 2 hours, forming a dark grey powder, which may contains 
carbonized species from organic residues. Finally, the powder was calcined in air under 
600 oC for 3 hours, forming crystalline T-Nb2O5. 
For the fabrication of thin-film T-Nb2O5, first, 10 mg of obtain T-Nb2O5 powder 
was firstly dispersed in 20 ml of 1:1 mixture of ethanol and ethylene glycol. After being 
sonicated aggressively, a total of 75 µL suspension was drop-coated separately in 3 times 
on a round stainless steel foil (diameter 7/16’’) and dried in an oven for 24 hours under 80 




6.2.2.  Phase characterization 
To confirm the phase structure of T-Nb2O5 powder used for the thin film fabrication. 
XRD pattern of the obtained T-Nb2O5 powder was tested (Figure 6-2). The obtained 
diffraction pattern matches the standard diffraction pattern of T-Nb2O5 completely (PDF 
number: 27-1003).179,191,201,202 
 
Figure 6-2. X-ray diffraction pattern of T-Nb2O5 powder used in this chapter. 
6.2.3.  Raman spectroscopy 
Shown in Figure 6-3 is a typical Raman spectrum of the model electrode. Obviously, 
the Raman peaks have satisfactory signal-to-noise ratio. However, the broad band widths 
and irregular band profiles suggest that the observed Raman bands are considerably 
overlapped, which is a direct indication of the structural complexity of T-Nb2O5. Since 
more than 50 atoms exist in the unit cell of T-Nb2O5, the number of independent vibrational 
modes will be more than 150.75-77 A large number of Raman active vibrational modes 
populated in a particular wavenumber range will inevitably lead to the experimental 
observation that the Raman spectrum cannot be well-resolved to individual peaks. In this 
work, such overlapped Raman signal are classified to different band groups: high 
wavenumber band group (νHi) ranging from 570 to 770 cm




(νMid) ranging from 180-360 cm
-1, and low wavenumber band group (νLo) ranging from 80-
160 cm-1 as marked in Figure 6-3. The key information of these band groups (e.g., positions, 
profiles, and relative intensities), which is the overall sum of individual Raman modes of 
T-Nb2O5, will be traced during in operando experiments to reveal structural changes 
induced by Li ion incorporation. The nature of the Raman bands (symmetry assignments 
and atomistic motions) of T-Nb2O5, which compose the observed band groups can be 
analyzed only through systematic theoretical vibrational analyses. It should be noted that a 
large number of reported studies have attempted to interpret experimentally overlapped 
Raman bands for a complicated structure (not limited to T-Nb2O5) such as assigning high-
wavenumber bands as stretching modes.190,203,204 However, these simple approaches, which 
can provide only preliminary interpretations, are mostly based on empirical judgements.  
 
Figure 6-3. Raman spectrum of T-Nb2O5 thin film used in this study. The ranges for major band 
groups are defined. 
6.2.4.  Electrochemical behavior 
The in operando Raman cell for Li-ion battery application is shown in Figure 3-4. 
To confirm the reliability of in operando cell, it is necessary to compare the long-term 
stability of a well-developed material using the in operando Raman cell and a standard Li-




rate was compared (Figure 6-4). The LiMn2O4 is deposited on carbon fiber paper.
205 The 
voltage window is from 3.2 V to 4.4 V. The electrolyte is 1 M LiPF6 in 1:1 EC-DMC 
mixture. It is obvious that the capacity retentions tested in the two configurations are 
essentially comparable. This experimental fact confirms that the designed in operando cell 
can provide same electrochemical environment as a normal Li-ion battery and reliable 
operando Raman spectroscopic acquisition. 
 
Figure 6-4. Capacity retention of a CFP/LiMn2O4 electrode using normal Swagelok cell 
and in operando Raman cell. 
 On this basis, cyclic voltammogram (CV) was used to change the stage of Li ion 
incorporation of T-Nb2O5 electrochemically, which is performed using 1 M LiClO4 
dissolved in dimethyl carbonate (DMC) as the electrolyte in the potential range of 3.0 V to 
1.2 V vs Li+/Li. The CV profile is shown in Figure 6-5 and basically agrees with the CV 
profile of T-Nb2O5 reported previously.




potentials indicates that the incorporation of Li+ mainly occurs in low potential range 
(below 2.0 V approximately). The electrochemical response of Li ion incorporation will be 
served as an important reference for further in operando Raman spectroscopic analyses as 
a function of cell potentials.   
 
Figure 6-5. Cyclic voltammogram (CV) of the T-Nb2O5 thin film model electrode using the in 
operando Raman cell. 
6.3.  In operando Raman spectroscopic evolution 
Performed synchronously with CV operations, the in operando Raman 
spectroscopic signal acquired in consecutive electrochemical cycles is shown as a two-
dimensional image (Figure 6-6) to examine the general band evolution and reversibility. 
As shown in Figure 6-5, the CV scan rate is controlled to be 2.6 mV/s so that one Raman 
spectrum is acquired in a potential interval of 0.1 V. Each in operando cycle starts/ends at 
the potential of 3.0 V (high potential state). In Figure 6-6, Raman spectra near each cycle 




number represent the lower potential states. Obviously, the Raman spectroscopic evolution 
is completely reversible and consistent for different cycles. During the cycling between the 
high potential state and the low potential state, the νHi band group exhibits periodic intensity 
increase and decrease, respectively. Also, the νMid and νLo band groups show obvious 
reversible evolution as well, as the intensity distribution of the two band groups greatly 
changed periodically in each cycle. This reversible evolution of the Raman band groups of 
T-Nb2O5 is undoubtedly a convincing indication of the reversible structural evolution 
induced by Li ion intercalation/deintercalation. On the basis of such reversibility, the 
Raman spectra at each potential can to be analyzed individually to further investigate the 





Figure 6-6. In operando Raman spectroscopic evolution of the T-Nb2O5 thin film electrode 
acquired in ten cycles. The evolution is shown as a two dimensional image and the Raman intensity 
is depicted using a color bar. In each cycle, the electrochemical potential is cycled from 3.0 V to 




0.1 V.  Raman spectra near each cycle number represent the higher potential states, whereas Raman 
spectra acquired at the lower potential states lie in the middle between each cycle number. Major 
Raman band groups of T-Nb2O5 and electrolyte bands are marked. 
To evaluate the details of Raman evolution, Raman spectra at each individual 
potential interval in different cycles are summed up, generating the spectroscopic evolution 
shown in Figure 6-7. During the cathodic process (potential sweep from 3.0 V to 1.2 V), 
the evolution of each band group can be summarized as follows. First, νHi band group 
basically remains static during the potential sweep from 3.0 V to 2.0 V approximately, 
which is consistent with the fact that the CV current in this potential range is not significant 
(Figure 6-5). As the potential continues to approach 1.2 V, the relative intensity of νHi band 
group greatly decreases and eventually almost vanishes. Second, similar to νHi band group, 
νMid band group presents no obvious evolution during the potential sweep from 3.0 V to 
2.0 V. Afterwards, νMid band group presents significant splitting gradually (marked with 
dash lines). The maximized splitting for νMid band group is observed at 1.2 V approximately. 
Third, for νLo band group, after being static from 3.0 V to 2.0 V, the position of νLo 
experiences a minor blue shift with the maximized shift at 1.2 V. The overall effect of the 
evolution of the three band groups makes the Raman spectrum of the low potential state 
(1.2 V) drastically different from that of the high potential state (3.0 V). During the 
following anodic process, the three band groups displayed a reverse behavior of cathodic 
process, including the intensity increase of νHi, band merging of νMid, and red shift of νLo. 
For the Raman bands of the electrolyte (DMC and LiClO4), the band properties (position, 
width, intensity, and profile) remain totally static during the entire process, indicating that 





Figure 6-7. In operando Raman spectroscopic evolution of the T-Nb2O5 thin film electrode when 
the WE is cycled between 3 V, 1.2 V, and 3 V. The dash lines are applied to show the evolution of 




separated into 36 grids. Each grid represents a potential interval of 0.1 V, over which, the spectrum 
was acquired during the in operando measurements. 
6.4.  Quantitative analyses 
The exact values of vibrational properties as a functional of electrochemical 
operations can be considered as a quantitative indication of structural evolution induced by 
incorporation of Li ion. To perform accurate correlation with electrochemical properties, 
systematic band fitting was performed to quantitatively describe the band group evolution. 
The intensity decrease of νHi band group is quantified by calculating the integrated intensity 
ratio of νHi band group and νMid band group. The splitting of νMid band group is depicted by 
values of band fitting results. To ensure consistency, three Gaussian bands were used to fit 
the νMid regardless of the profile of νMid (split or merged, Figure 6-8).  
 
Figure 6-8. Fitting of νMid band group for the high potential state and the low potential state. 
The individual Gaussian bands are plot as green lines. The fitted spectra are shown as black 
lines. The doublets (νMid-1 and νMid-2) are marked. 
Combining all of the quantifications mentioned above, Figure 6-9 shows the 
positions of νMid doublets (νMid-2 and νMid-1) and intensity ratio between νHi and νMid as well 




potentials. The evolution of these band properties are in good agreement quantitatively 
with stored charge density. To be specific, in the potential range where charge 
storage/release is not significant, the νMid band group remained merged and νHi band group 
is of considerably high intensity. As charge is stored/released, positions of νMid-1 and νMid-
2 separates/merges and I(νHi)/I(νMid) decreases/increases accordingly.  
 
Figure 6-9. Quantitative correlation between key features of in operando Raman spectra and stored 
charge density. (a-b) The positions of νMid-2 and νMid-1 doublet as function of cell potentials. (c) 
Intensity ratio of νHi and νMid as a function of cell potentials. (d) Electrochemical charge storage 




6.5.  Model of Li ion storage and transport for T-Nb2O5 
Undoubtedly, the Raman spectroscopic evolution as a function of electrochemical 
potentials mentioned above is a direct consequence of the consecutive structural change of 
T-Nb2O5 at different stage of Li ion incorporation. However, such structural changes 
responsible for fast Li-ion storage cannot be feasibly interpreted from vibrational evolution 
since the nature of the experimental Raman band groups is unknown. To reveal the 
structural information conveyed by spectroscopic evolution, a hypothetical model of Li-
incorporated T-Nb2O5 is needed to calculate the vibrational structure and the effect of Li 
incorporation on the vibrational structure, and to correlate with experimental Raman 
spectroscopic evolution. The incorporation mechanism will be investigated in terms of both 
crystallographic sites, the local Nb-O bonding structure, and the kinetics of Li ion 
incorporation. 
6.5.1.  The structure of unlithiated T-Nb2O5 
The structure of pristine T-Nb2O5 (unlithiated) is shown in Figure 6-1. The 
stoichiometry of the cell is Nb16.8O42. In one unit cell, 0.8 out of 16.8 Nb (less than 5% 
amount of Nb) is randomly distributed in the crystalline structure. To make the calculation 
of the unlithiated T-Nb2O5 executable, a few approximations have to be applied. First, the 
small amount of the randomly distributed Nb can’t be considered for theoretical calculation 
since the location is not defined and stoichiometry is fractioned. Second, since the 0.8 Nb 
is not considered, 2 oxygen ions out of 42 in one unit cell (less than 5% amount of oxygen) 
have to be removed at the same time to balance the charge of the entire unit cell. To be 
specific, the two oxygen ions at 2b Wyckoff position are removed in the model cell since 




the model of unlithiated T-Nb2O5 is Nb16O40, slightly different from the actual Nb2O5 
(Nb16.8O42). To make theoretical calculations on T-Nb2O5 executable, such simplification 
is inevitable.  However, the deviation caused by this simplification is expected to be 
inconsequential since the major framework of T-Nb2O5 is not affected. In addition, for the 
theoretical calculation, the Nb positions have to be determined, in contrast to the slight 
uncertainty of Nb positions (0.3 Å) shown in Figure 6-1.  
After these necessary approximations, the unlithiated T-Nb2O5 model was 
constructed, as shown in Figure 6-10 (orthorhombic, space group Pbam No. 55). After the 
geometry optimization process, the lattice parameters for unlithiated Nb2O5 model are 
a=6.37 Å, b=29.78 Å, c=3.92 Å, α=β=γ=90o (orthorhombic). Judging from its cell structure, 
T-Nb2O5 has a large number of spacious voids between Nb-O bonds that are potentially 
suited for Li ion accommodation. Despite the structural complexity, these voids can be 
categorized into two types according to the local Nb-O bonding structure. For the first type, 
Li ions can be accommodated into the three-dimensional voids lying in the triangular 
prism-like cages formed by 6 Nb and 9 O (Figure 6-10). For the second type, Li ions can 
be attached to the two-dimensional voids on the facets of Nb-O bonds formed by 4 Nb and 
4 O (Figure 6-10). 
For the technical details of computation, all the calculations for structural 
optimization, charge analysis and vibrational frequency analysis have been carried out with 
the Vienna Ab Initio Simulation Package (VASP) at the density functional theory (DFT) 
based with 3D periodic conditions.206-208 The exchange-correlation function was treated by 
generalized gradient approximation with Perdew-Wang 1991 formula (GGA-PW91).209,210 




that the core electrons were treated with cost-effective pseudopotentials implemented in 
VASP and the valence electron were expanded by plane-wave basis with the kinetic cutoff 
energy of 600 eV.211,212 Brillouin-Zone (BZ) integration was sampled by Monkhorst-pack 
scheme at 0.05 × 2 (1/Å) interval in the reciprocal space.213 The structural optimization 
and energetic calculations were computed by quasi-Newton method with the energetic and 
gradient convergences of 1 × 10-4 and 1 × 10-2 eV, respectively. 
 
Figure 6-10. Structure of unlithiated T-Nb2O5. Two local bonding structures are shown to 
demonstrate the type of possible voids for Li accommodation: triangular bipyramid (3D void) and 
Nb-O bonding facet (2D void). 
6.5.2.  Li ion incorporation behavior 
For the model of lithiated T-Nb2O5, first, it is necessary to determine the 
stoichiometry of incorporated Li ions for the model cell. According to previous studies, it 
is suggested that the Nb2O5 forms a stable solid solution up to 1.25 Li




formula.191,192 The electrochemical testing results (Figure 6-9) indicate the amount of Li+ 
incorporated in one Nb2O5 formula is approximately 1.1 (about 8.8 Li+ per unit cell). For 
the other works, this value is generally similar with slight variations.174,179 Therefore, to 
make the calculation executable, it is determined that the stoichiometry of Li for the 
lithiated model is 1 per Nb2O5 (eight Li ions in one unit cell).  
Through computational investigation, the structure of lithiated T-Nb2O5 with 
minimized energy is shown in Figure 6-11. First, with regard to the crystallographic 
structure, it is found that all Li ions are located at the same plane, which is right in the 
middle between the two layers of niobium atoms. To make it clear, this plane preferred by 
Li ion incorporation is highlighted in Figure 6-10.  Crystallographically, this plane is where 
4g Wyckoff sites (space group Pbam, No. 55) are generally located. It is obvious that this 
plane has the lowest atomic density, thus offering least steric effect and repulsion from 
positively charged niobium atoms. As a direct result of Li ion accommodation, the c-axis 
of the unit cell expands from 3.92 Å to 3.98 Å, which is consistent with a previous in 
operando XRD measurement (3.91 Å to 4.02 Å).181 Second, with regard to the local 
bonding structure, interestingly, all Li ions are found exclusively located at the 2D voids 





Figure 6-11. The structure of lithiated T-Nb2O5 after geometry optimizations. The eight 
incorporated Li ions in one unit cell are labeled. 
To further demonstrate the exclusive selectivity of the void for Li incorporation in 
Figure 6-11, the lithiated structure (2x2x1 expanded) is projected from [001] direction as 
shown in Figure 6-12. It is obvious that all of the incorporated Li ions are preferably located 
at the voids on the facet constructed by Nb-O bonds. Since the facet is perpendicular to 
(001) plane, when viewed from [001] direction, Li ions are appeared to be stacked under 
oxygen ions (Figure 6-12). 
 
Figure 6-12. Lithiated T-Nb2O5 model cell after geometry optimization viewed from [001] 
direction. 
The adsorption energies for each incorporated Li ion in these voids (labeled in 
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The calculated adsorption energies range from -3.23 eV to -3.53 eV (Table 6-1), indicating 
that the accommodated Li ions are highly stable.  
Table 6-1. Adsorption Energies of Li ions labelled in Figure 6-11 
Label number 1 2 3 4 5 6 7 8 
Adsorption energy 
(eV) 
-3.45 -3.25 -3.53 -3.50 -3.45 -3.23 -3.47 -3.46 
 
To further evaluate the selectivity of Li ion accommodation, the adsorption energies 
of one specific Li ion placed at a 2D or a 3D void were also calculated, as shown in Figure 
6-13. The adsorption energy for one Li ion placed at a 3D void (Figure 6-13) is -3.11 eV 
whereas those for a Li ion placed at each of the three neighboring 2D voids (Figure 6-13) 
are -3.47 eV, -3.32 eV, and -3.29 eV, respectively, further indicating that accommodation 
of a Li ion at a 2D void is energetically more favorable than that at a 3D void.  
 
Figure 6-13. Local structures of Nb2O5 when one Li ion is adsorbed on one 3D void or each of 
three neighboring 2D voids. The viewing direction is [001] and upward vector is [100]. 
As a general schematic of Li ion incorporation for T-Nb2O5, Figure 6-14 shows the 




incorporated on the 2D facet. The charge difference image of the facet clearly shows the 
reduction of Nb and oxidation of Li for the Li ion incorporation process.  
 
Figure 6-14. A schematic of adsorption of a Li ion on a 2D void formed by Nb-O bonding facet 
and the distribution of the induced charge change on a Nb-O facet (highlighted by dash lines) as a 
result of lithiation process. 
6.5.3.  Li ion Transport behavior 
Based on the Li ion adsorption mechanism mentioned above, the transport of Li 
ions in T-Nb2O5 can be interpreted accordingly. The diffusion of Li ions involves a series 
of elementary steps (Figure 6-15) during which a Li ion adsorbed on a 2D void migrates to 
another neighboring 2D void.   
 
Figure 6-15. A schematic of elementary steps for Li ion transport. Each Li ion can migrate to four 





Each adsorbed Li has four neighboring 2D voids (Figure 6-15) and the connection 
between these voids (distance ~2-3 Å) forms a large variety of tunnels without any 
obstructing oxygen ions (Figure 6-16). Since all of these tunnels are parallel to (001) plane, 
the combination of these tunnels forms a quasi-2D pathway for Li+ transport, which is a 
unique characteristic for T-Nb2O5 and clearly unraveled the Li-ion transport pathway. 
Furthermore, the quasi 2D network connected by 2D voids explains the fundamental reason 
of the recently reported bond valence sum simulation results, which suggested degenerate 
diffusion pathways for T-Nb2O5. 
194 To evaluate the feasibility of Li ion transport, 
calculations of kinetic energies were performed. The calculated energy barriers that must 
be overcome for a selected Li ion to transport to the neighboring 2D voids (numbered one 
to four in Figure 6-15) are 0.36 eV, 0.25 eV, 0.39 eV, and 0.26 eV, respectively. It should 
be noted that these energy barriers are consistently lower than 0.4 eV regardless of the 
direction of transport, which is comparable to the state-of-art Li ion conductors.214,215 
Moreover, considering the fact that the differences in adsorption energy of each Li ion are 
fairly small (< 0.3 eV, Table 6-1), the incorporated Li ions are not likely trapped in fixed 
locations and diffusion of Li ions is both thermodynamically and kinetically favorable. 
Therefore, the stable adsorption of Li ions on the 2D voids with fast kinetics resembles a 





Figure 6-16. The structure of T-Nb2O5 viewed from [001] direction. The voids located on 
Nb-O bonding facets preferred for Li ion incorporation are highlighted. The connections 
between the voids are highlighted as blue dash lines. 
6.6.  Validation of Li ion incorporation mechanism of T-Nb2O5 
To validate our proposed mechanism of Li-ion incorporation, theoretical 
calculations of the vibrational modes of the lithiated and unlithiated T-Nb2O5 model 
mentioned above were performed to understand Raman spectroscopic evolution from high 
to low potential states. As mentioned previously, because of the structural complexity of 
T-Nb2O5, simple correlation of a single Raman mode and structural evolution is impossible. 
Instead, a comprehensive vibrational analysis is applied. To be specific, first, the frequency 
values of Raman active modes at the Γ-point were calculated, resulting in a number of 
discrete theoretically Raman-active frequency points. Then, the continuous distribution of 
vibrational density of states (VDOS) integrated at Γ-point from phonon dispersion was 
calculated. Both discrete Raman frequencies and VDOS will be compared with 
experimental Raman spectra. 





Prior to detailed calculation of vibrational frequencies, the analyses of mechanical 
representations (phonon modes) of the unlithiated and lithiated T-Nb2O5 model were 
performed on the basis of cell structures shown in Figure 6-10 and Figure 6-11. The Pbam 
space group (No. 55) is based on 3D point group D2h. The character table of point group 
D2h is shown in Table 6-2. Of all the normal modes, the Ag, B1g, B2g, and B3g modes (for 
space group Pbam) are theoretically Raman active.131 
Table 6-2．The character table of the point group D2h. 
D2h(mmm) E C2z C2y C2x i σz σy σx functions 
Ag 1 1 1 1 1 1 1 1 x2, y2, z2 
B1g 1 1 -1 -1 1 1 -1 -1 xy, Jz 
B2g 1 -1 1 -1 1 -1 1 -1 xz, Jy 
B3g 1 -1 -1 1 1 -1 -1 1 yz, Jx 
Au 1 1 1 1 -1 -1 -1 -1 · 
B1u 1 1 -1 -1 -1 -1 1 1 z 
B2u 1 -1 1 -1 -1 1 -1 1 y 
B3u 1 -1 -1 1 -1 1 1 -1 x 
 
For unlithiated T-Nb2O5 model cell, one unit cell contains 56 atoms/ions. Therefore, 
the degree of freedom (DOF) is 168. The mechanical representation can be expressed as: 
 1 1 2 2 3 328 14 28 14 14 28 14 28g u g u g u g uA A B B B B B B          . (88) 
The Raman active modes are: 
 1 2 328 28 14 14Raman g g g gA B B B      . (89) 
For lithiated T-Nb2O5, one unit cell contains 64 atoms. Therefore, the degree of freedom 
is 192. The mechanical representation can be expressed as: 




The Raman active modes are: 
 1 2 332 32 16 16g g g gA B B B      . (91) 
On the basis of vibrational analyses mentioned above, vibrational modes and 
frequencies of unlithiated and lithiated T-Nb2O5 were computed by the finite displacement 
approach,216,217 in which the force constant (Hessian) matrix was derived by slightly 
displacing each atom from its equilibrium position for the symmetry-inequivalent 
displacements. The frequencies as a function of normal modes were obtained via the 
diagonalization of Hessian matrix and computed at the Γ-point of the Brillouin zone to 
compare with the spectroscopic result. The vibrational density of state at the Γ-point of the 
Brillouin zone was analyzed by PHONONY.218  
6.6.2.  Vibrational calculation and Raman spectroscopic evolution 
On the basis of vibrational calculations, the discrete frequency values of these 
Raman modes at Γ-point as well as the continuous VDOS integrated at the Γ-point are 
plotted for both lithiated and unlithiated model of T-Nb2O5 (Figure 6-17 Right panel). To 
compare with these theoretical calculations, the experimental Raman spectra acquired at 






Figure 6-17. Correlation between experimental Raman spectroscopic evolution and theoretical 
calculation of vibrational structures. Left panel: Raman spectra corresponding to high (top) and low 
(bottom) potential states. The evolution of key band groups are labeled. Right panel: Calculated Γ-
point frequencies of Raman active modes and calculated VDOS integrated at Γ-point for unlithiated 
(top) and lithiated (bottom) T-Nb2O5. Symbols for Raman active modes: Triangle: Ag, Diamond: 
B1g, Square: B2g, Circle: B3g, sum of all Raman active modes: dot. The evolution of key part of 
VDOS profile and key changes on Raman modes population distributions are marked. Middle panel; 
the change of the local Nb-O bonding structure corresponding to lithiation process. 
The comparison of experimental Raman spectroscopic evolution (Figure 6-17 left) 
with computed vibrational calculations (Figure 6-17 right) is performed in different ranges 
of vibrational frequencies. First, the intensity of νHi band group greatly decreases and 
almost diminishes from high to low potential states in the experiment. For the 
corresponding theoretical calculations, in the high-wavenumber region, it can be found that 
the VDOS distribution also disappears for lithiated model. The essential reason for the loss 
of VDOS in high wavenumber region is because all four discrete Raman modes (two Ag 
modes and two B1g modes, marked in the circle, Figure 6-17 Right) disappeared in the 
high-wavenumber region. Furthermore, the computation revealed that these disappeared 
high-wavenumber modes belong to stretching vibrations of Nb-O. The result provides a 
direct evidence that Li ions two-dimensionally adsorb on the Nb-O bonding facet (Figure 
6-17 middle panel) and retard the stretching vibration of Nb-O bonds. Second, the Raman 
signal demonstrates significant band splitting in the νMid band group when cycling from 
high to low potential states. Comparing this phenomenon with calculated VDOS in the 
mid-wavenumber range, the distribution also exhibits significant profile splitting when T-
Nb2O5 is lithiated (Figure 6-17 Right). Responsible for the notch in VDOS profile is the 
change of distribution of discrete Raman frequencies when T-Nb2O5 model is lithiated; a 




arrow in Figure 6-17 Right panel), which strongly supports the experimental splitting of 
νMid band group. Finally, a blue shift is observed in the νLo band group.  As a comparison, 
the VDOS profile in the low-frequency range demonstrated considerable blue shift as well. 
Through the comparison mentioned above, the consistency between Raman spectroscopic 
evolution and the calculations of discrete Raman frequencies and VDOS validates our 
proposed mechanism of Li-ion incorporation, which is responsible for the anomalously fast 
energy storage behavior. 
It should be noted that the experimental Raman spectra and vibrational calculations 
are subjected to minor differences. The exact values of band groups are moderately 
different for experimental results and theoretical calculations due to the approximations 
have to be applied to make the theoretical calculations executable, and also because current 
vibrational theoretical calculation technique is not absolutely perfect.  Also, the absolute 
intensity of experimental Raman spectra and the density or population of vibrational modes 
cannot match perfectly, which is most obvious for υHi band group. This effect is because 
VDOS calculation cannot consider the Raman tensor of each mode (i.e. mode 
polarizability). The vibrational modes contribute to the νHi band group may have 
significantly high Raman tensor values, which lead to the considerably strong intensity of 
υHi band group even though vibrational modes are not densely populated in this frequency 
range. Also, similar rationale account for the phenomena that a number of vibrational 
modes predicted by calculation cannot be detected by Raman spectrum experimentally 
(marked by a rectangular in Figure 6-17 Right panel), most likely due to the low 
polarizability of these modes. However, despite the discrepancies regarding to the absolute 




calculations, the agreement between experimental spectroscopic evolution and effect of 
lithiation on the vibrational properties offers solid corroboration on our proposed 
mechanism of Li ion incorporation for T-Nb2O5. 
6.7.  Insight from the Li ion storage mechanism of T-Nb2O5 
6.7.1.  Insight from aspects of Li ion storage behavior 
It is undoubtedly that intercalation-type transition metal oxide-based Li-ion storage 
materials dominate the field of secondary energy storage applications. As an essential part 
of Li ion intercalation mechanism for transition metal oxide family, our proposed model 
for Nb2O5 should be compared with Li-ion intercalation mechanisms for classic Li ion 
storage materials, including commercialized cathode materials (LiCoO2, LiMn2O4, and 
LiFePO4) and classic fast-rate Li ion storage materials (Li4Ti5O12 and LiTiS2). The 
mechanism will be compared in terms of the type of void for Li ion accommodation, the 
size of the void, as well as the tunnel that connects the void for Li ion diffusion. For the 
type of voids, it is well-known that Li ions are generally incorporated in the three-
dimensional polyhedra formed by oxygen ions (tetrahedral site for LiMn2O4, octahedral 
site for LiCoO2, LiFePO4, Li4Ti5O12, and LiTiS2).
15,59,219,220 As a contrast, for T-Nb2O5, Li 
ions are attached on two-dimensional facet formed by Nb and O. Because of the analogy 
of a capacitive surface adsorption behavior as mentioned in previous part, the 2D 
attachment/detachment should provide faster kinetics than intercalation/deintercalation 
into three-dimensional polyhedra, which is an important factor responsible for the 
exceptionally fast energy storage. Also for T-Nb2O5, the average size of the void (measured 
from the optimized structure shown in Figure 6-11, the void is also marked in Figure 6-11) 




materials: LiMn2O4 (1.6 Å),
221 LiCoO2 (2.4 Å),
222 and LiFePO4 (2.5 Å),
223 as well as 
classic fast-rate Li4Ti5O12 (2.6 Å) and LiTiS2 (2.8 Å).
219,220 The void sizes are defined by 
the distance between edges of tetrahedral coordination (e.g., LiMn2O4) or distance between 
faces of octahedral coordination (e.g., LiCoO2). Judging from such rough comparison, 
spacious accommodation for attachment/detachment of Li ions on Nb-O bonding facet can 
be further more advantageous to faster Li ion transport. Finally, for the tunnel connected 
by the voids, LiCoO2 and LiTiS2 have a 2D transport pathway,
15,59 which makes LiCoO2 
and LiTiS2 have higher Li ion conductivity and diffusivity generally.
15,44 For T-Nb2O5, the 
combination of tunnels for T-Nb2O5 forms a quasi 2D transport pathway as mentioned 
earlier, similar to the 2D tunnel for LiCoO2, LiTiS2 and novel MXene intercalation-type 
materials.224-227 Therefore, through the comparisons mentioned above, the unique 
combination of facile Li ion adsorption on 2D Nb-O bonding facet, large void size, and 
quasi-2D diffusion pathway determines the exceptionally fast Li ion transport behavior of 
T-Nb2O5, and clearly defines the term “intercalation pseudocapacitance” mentioned by 
previous reports. 174,180  
6.7.2.  Rational design of T-Nb2O5 
Furthermore, understanding of the key attributes to fast ionic transport may provide 
important insight into the design and engineering novel intercalation-type energy storage 
materials. For T-Nb2O5-based electrodes, it is unlikely that the rate of Li ion storage may 
be enhanced by engineering the bulk phase to nano-size particles or to other morphologies, 
since the impedance of grain boundaries to ionic transport will definitely slow down Li ion 




T-Nb2O5 has a defined plane (quasi 2D) for Li ion diffusion, similar to layered materials 
(e.g., LiCoO2), aligning the crystalline orientation may considerably enhance the kinetics. 
This strategy may further enhance the rate capability and capacity utilization of T-
Nb2O5, similar with the rational design strategy mentioned in chapter 4 regarding the 
energy storage mechanism of layer-structured MnO2.
40 As shown in Figure 6-18, if the 
diffusion plane (quasi 2D) is perpendicular to the plane of the current collector, the 
exposure of diffusion plane to the electrolyte is maximized, which can fully utilize the fast 
kinetics of Li ion transport. On the contrary, if the diffusion plane is parallel to the surface 
of the current collector, the accessibility of diffusion plane is mostly blocked from the 
electrolyte, which may lead to sluggish kinetics as a result. In fact, engineering the 
crystalline direction has been successfully applied to various layer-structured 
materials.137,140,228,229 It is expected that strategy is applicable to T-Nb2O5 because of the 






Figure 6-18. Schematics of effect of crystalline orientation of T-Nb2O5 on Li ion transport. The 
plane for quasi 2D Li ion diffusion is highlighted. Left, Plane of diffusion pathway is perpendicular 
to surface of the current collector. Right, Plane of diffusion pathway is parallel to surface of the 
current collector. 
6.7.3.  Rational design of novel Li ion storage materials 
For the design and search of novel fast-rate Li ion intercalation materials, it is found 
that, for a considerable number of state-of-art fast-rate Li ion storage and conductors, such 
as T-Nb2O5, Li10GeP2S10, and Li7La3Zr2O12, the Li ions are not accommodated at the voids 
with well-defined tight 3D coordination of neighboring anions (i.e., S or O). For T-Nb2O5, 
Li ions are stored at 2D voids similar to a capacitor; for Li7La3Zr2O12, a large portion of 
the Li ions are stored at the sites with the lowest symmetry (site 96h, space group Ia-3d), 
which doesn’t guarantee a specified type of coordination for Li ions.214,230 For Li10GeP2S10, 
although neighboring S form a tetrahedral-like coordination of Li, the tetrahedral 
coordination is significantly distorted with a long Li-S bond length.231,232 These unique 
types of Li accommodation mentioned above may contribute to the favorable condition for 
fast-rate Li ion storage and transport. Future efforts on the development of fast-rate Li ion 
storage materials may focus on creating similar structural motifs, such as using elements 
with large radius and a complicated stoichiometry to form a spacious environment for Li 
ion storage and transport. In addition to the factors mentioned above, extensive 
computational material design is vitally needed to successfully achieve rational design of 
a new-generation of intercalation-type Li-ion storage materials.215,233 
6.8.  Conclusions 
In this chapter, a combination of experimental and computational investigations 




understanding of the mechanism of anomalously fast Li ion storage in T-Nb2O5. In 
particular, in operando Raman spectroscopy performed on a well-designed platform under 
realistic cycling conditions is vital to probing the reversible evolution of several key Raman 
band groups (νHi, νMid, and νLo) of T-Nb2O5 during reversible Li ion storage. The 
progression of the charge storage process was further quantified through correlation 
between analyses of band group properties and the amount of stored charge as a function 
of electrochemical potentials. To correlate the structural change of T-Nb2O5 with its Raman 
spectroscopic evolution, a model depicting the mechanism of Li ion incorporation into T-
Nb2O5 was proposed. The computational results suggest that Li ion storage is preferred at 
4g Wyckoff positions of T-Nb2O5 and Li ions are preferably adsorbed on the 2D voids 
formed by Nb-O bonds. The transport of Li is based on a quasi-2D network with facile 
kinetics. Vibrational modes and VDOS calculations agree very well with experimental 
Raman spectroscopic evolution in different range of vibrational frequencies, confirming 
that the proposed model of Li-ion incorporation accounts for the charge storage mechanism 
of T-Nb2O5. The understanding of detailed energy storage mechanism may offer new 






7. CONCLUSIONS AND RECOMMENDATIONS 
7.1.  Conclusions 
This dissertation investigated the electrochemical energy storage mechanisms of a 
few important electrode materials for pseudocapacitors and Li-ion batteries. Vibrational 
structures as a function of electrochemical operations revealed structural evolution of the 
electrode materials. Experimentally, in operando Raman spectroscopy conducted on well-
designed in operando Raman platforms realized the investigation of mechanisms.   
Chapter 4 describes the probing of the electrochemical energy storage mechanism 
of pseudocapacitive MnO2. In operando analyses showed similar Raman spectroscopic 
evolution of MnO2 when using electrolyte cations of different sizes (Li
+, Na+, and K+). The 
correlation between spectral features under degrees of discharge in electrolytes with 
different cations revealed significant cation size effects on Raman spectroscopic evolution. 
Further, the theoretical calculations of phonon energies for a model MnO2 incorporated 
with various sizes of cations validated the experimental cation-size effects, further 
confirming the analyses of the electrochemical charge storage mechanism.  
Chapter 5 describes a systematic electrochemical energy storage mechanism study 
of thin-film NiO2Hx model electrodes to investigate the contributions of two possible redox 
mechanisms of NiO2Hx.  Depending on the resonance enhancement effect, this study found 
that the phonon properties of NiO2Hx exhibited systematic evolution along with massive 
redox charge storage in the 2 M KOH electrolyte, whereas limited charge storage and 
spectroscopic evolution were observed in the 2 M KNO3 electrolyte. Further Raman band 
analyses indicated that phonon properties show strong quantitative dependence on charge 




contribution to charge storage while cation insertion/extraction plays a much less important 
role, thus offering important insights into the energy storage behavior of NiO2Hx. 
Chapter 6 investigates the nature of the exceptionally fast Li ion storage mechanism 
of T-Nb2O5. Experimentally, in operando Raman spectroscopy exhibited systematic band 
evolution, revealing the effects of Li ion storage on the vibrational structure of T-Nb2O5. 
Theoretically, a model T-Nb2O5 was proposed, which describes the behavior of Li ion 
incorporation. Through computational analyses, this study found that Li ions are preferably 
stored at the 2D voids on the Nb-O bonding facets, which is fundamentally analogous to 
capacitor behavior. The diffusion of Li is based on the quasi-2D transport path with very 
fast kinetics.  The agreement between the experimental Raman spectroscopic evolution and 
the computed effects of lithiation on the vibrational structure confirmed the validity of the 
model of Li ion incorporation in T-Nb2O5, which revealed the nature of the exceptionally 
fast Li ion storage mechanism.  
The unraveled mechanisms of electrochemical energy storage in this dissertation 
serve as significant discoveries for fundamental energy science. Also, the information of 
energy storage mechanisms can be applied as general guides for systematic rational designs 
of electrochemical energy storage materials.  
7.2.  Recommendations for future work 
In this section, a few on-going directions of research and recommendations for 
future work are discussed in terms of more aspects of electrochemical energy storage 
mechanisms, applications of advanced Raman spectroscopy, and more advanced in 
operando mechanism probing. 




First, the methodology of in operando Raman spectroscopy can be incorporated 
with surface-enhanced techniques (Section 2.2.6. ). The surface of an electrode for 
electrochemical energy storage can be modified by SERS-active nanoparticles. With the 
SERS effect, the Raman signal from the electrode surface or the interface between an 
electrode and an electrolyte can be potentially enhanced. Under the in operando condition, 
more information about the dynamics of chemical reactions bound on electrode-electrolyte 
interfaces can be revealed via the surface enhancement technique. The crucial requirement 
of the application of the technique is that applied SERS-active nanoparticles must be 
chemically inert. SERS-active nanoparticles should not react with an electrode and an 
electrolyte in the applied potential window either spontaneously or electrochemically. The 
in operando observation of interfacial reactions can offer valuable information such as 
performance degradation, side reactions, and other processes related to the behavior of 
electrochemical energy storage. 
Moreover, the methodology applied in this dissertation can be readily applied to 
other electrochemical energy storage materials as long as the probed material is sufficiently 
Raman-active. In recent years, a few other types of novel materials have emerged with 
impressive electrochemical behavior but with little information regarding their energy 
storage mechanisms. The application of the methodology of this dissertation can 
potentially unravel the energy storage mechanisms of these novel materials. The obtained 
information can form a categorized knowledge database for fundamental physical science 
in the field of energy storage.  
The in operando Raman spectroscopic technique elaborated in this dissertation can 




energy storage, electrochemical catalytic energy conversion is another important topic for 
the modern energy industry.  Similarly, the catalytic reaction mechanism is directly 
associated with its catalytic performance, and the evaluation of the mechanism requires 
systematic physical probing. In operando Raman spectroscopy is also suited to this area by 
revealing the key intermediate chemical species involved in catalytic processes at different 
electrochemical potentials. In recent years, various types of novel catalytic materials have 
been fabricated. The application of in operando Raman spectroscopy has a significant 
perspective on the study of the reaction mechanisms of these novel materials.  
7.2.2.  Advanced Raman spectroscopic technique 
Besides the study of other fields of fundamental energy science, another category 
of future work of this dissertation is the advanced Raman spectroscopic technique.  
7.2.2.1. Raman mapping of the dynamics of heterostructured electrode material 
As mentioned Section 3.2.1. in this dissertation, Raman spectroscopic 
measurements were carried out at particular spots of electrode materials. Since the 
electrodes used in this dissertation are all homogeneous thin films instead of complicated 
structures, the dynamics of the particular spot could reflect the structural evolution of the 
entire electrode. In a more complicated case, complex electrode structures with a 
heterogeneous distribution of materials (e.g., a composite) can be probed by the in 
operando Raman technique to examine the progression of energy storage as a function of 
locations of an electrode. This case requires Raman mapping, which is the spatial 
distribution of Raman spectra. Technically, in a classic Raman microspectroscopic system, 
a Raman map can be generated by a spot-by-spot Raman spectroscopic measurement in the 




consuming since it is inefficient to construct an image from individual pixels.  Such a slow 
rate generally cannot match the corresponding rate of electrochemical operations, thus 
making the classic point-by-point in operando Raman mapping not executable. Realizing 
Raman mapping under the in operando condition requires a more advanced Raman 
spectroscopic technique. First, a better signal detection system can be applied to shorten 
the time it takes for Raman spectroscopic acquisition, such as enhancing the sensitivity of 
a CCD camera. Second, laser illumination can be modified to a line profile instead of a 
spot, which can greatly improve the efficiency of in operando Raman mapping. 
7.2.2.2. Eliminating the fluorescence effect 
As mentioned in Section 2.2.5. , fluorescence commonly exists during Raman 
spectroscopic measurements when an electronic state transition occurs. Fluorescence 
typically leads to a very broad profile of light emission and often overwhelms the Raman 
spectroscopic signal, leading to severe difficulties for spectroscopic analyses. Technically, 
for an in operando Raman measurement, if one component (e.g., an electrode or an 
electrolyte) is fluorescence-active, the entire in operando Raman measurement will be 
influenced. The experiments in this dissertation were not affected by the fluorescence effect. 
However, future work that is likely to involve fluorescence-active electrodes or electrolytes 
should entail fluorescence-removing techniques. First, the simplest method of reducing the 
fluorescence effect is to adjust the excitation wavelength, as mentioned in Section 2.2.5. A 
higher-energy incident laser can separate the fluorescence profile from the frequencies of 
Raman scattering; a lower-energy incident laser can prevent the excitation of electronic 
states. Second, if adjusting the laser frequencies cannot remove fluorescence efficiently, 




of emissions of a Raman scattering process falls in the range of 10-16s, the lifetime of 
fluorescence emissions falls in the range of 10-9s. When using a pulse-wave laser with an 
extremely short pulse period as excitation, the intensity of Raman scattering decays much 
faster than that of fluorescence. On this basis, by using the spectroscopic acquisition with 
a specified short delay time relative to the laser pulse (i.e., the approximate lifetime of the 
Raman scattering process), the majority of Raman scattering intensity can be captured 
while a large portion of the fluorescence signal remains uncaptured,234-236 greatly reducing 
the fluorescence effect. However, this method is subject to a few drawbacks. First, because 
of the short period of the laser pulse, the overall intensity of Raman scattering will be lower 
than it is when using a continuous-wave laser. Second, if the laser pulse is too short, 
according to the uncertainty principle, the laser energy (e.g., frequency) is subject to 
considerable uncertainty. Therefore, the monochromaticity of a laser, which is vital for the 
accurate measurement of the Raman shift, is affected, thus leading to more errors in Raman 
band position measurements.  
7.2.2.3. Application of non-first order Raman scattering 
In this dissertation, Raman scattering processes are all first-order scattering 
processes. For first-order Raman scattering, in terms of classic electromagnetics, 
polarization is assumed to have linear relation with electric field (equation (61)); in terms 
of quantum theory, only one photon is involved in a Raman scattering process. In reality, 
higher orders of scattering processes can occur (i.e., polarization has non-linear term with 
respect to electric field or multiple photons can involve in scattering processes). For a two-
photon scattering process, the process is named Hyper Raman scattering (Figure 7-1, 




offering more information of structural changes under in operando conditions. Of course, 
application of Hyper Raman scattering under in operando conditions strongly depends on 
the Hyper-Raman activities of probed materials.  A careful selection of excitation laser 
wavelengths to utilize the resonance effect,240 or surface enhancement technique are 
needed to enhance signal intensities of Hyper Raman scattering.241,242 Besides Hyper 
Raman scattering, three-photon scattering processes are also possible. The most common 
three-photon scattering configuration is coherent anti-stokes Raman scattering (Figure 7-1 
right).243,244 By careful tuning the incident photon frequencies ω1 and ω2, to make 
frequency difference between ω1 and ω2 match the frequency of a particular vibrational 
energy level ωi. A strong anti-stokes emission will occur (with respect to ω1), thus revealing 
the information of energy level ωi. In recent years, applications of this technique are 
successful,245-247 and have perspective in the field of in operando mechanism probing for 
electrochemical energy storage.  
 
Figure 7-1. Schematics of two non-first-order Raman scattering processes. Left: Hyper Raman 





7.2.3.  Advanced in operando mechanism probing 
In this dissertation, Raman spectroscopy is the only physiochemical method applied 
to probe electrochemical energy storage mechanisms under in operando configurations. As 
mentioned in Section 2.2. , Raman spectroscopy is a very powerful technique. However, 
Raman spectroscopy itself has a few limitations. The major limitation is that Raman 
spectroscopy cannot directly provide neither information of oxidation states nor 
information of lattice parameters and Raman spectroscopy strongly relies on Raman 
activities (i.e., Raman tensor for each vibrational mode). These limitations of Raman 
spectroscopy can be compensated by other diffraction or absorption spectroscopic 
techniques. With regard to this dissertation, the mechanism probing (relying on in 
operando Raman spectroscopy) also made use of previously reported results, such as 
information about evolution of lattice parameters or evolution of oxidation states. Besides 
this dissertation, in most cases, a complete and systematic mechanism study for a specific 
material strongly relies on the combination of “information fragments” acquired by 
different groups using different samples and different experimental configurations. The 
information fragments from different works often have considerable inconsistencies, 
because of the variations on samples, facilities, in operando setups, or even methods of 
data acquisition and data interpretation.  
For an ideal probing of electrochemical energy storage mechanism, the advanced 
in operando configuration should be compatible with all types of physiochemical methods. 
In this case, all types of in operando analyses could be conducted under the exactly same 
condition and the energy storage mechanism will be conceived as an integral rationale 




greatly reduce variations and thus achieve optimum consistency.  Practically, this ideal in 
operando configuration needs to take all requirements of different techniques into 
consideration (e.g., working distance requirement for Raman measurements and 
transparency for absorption measurements). Experimentally, to be specific, diffraction 
based-techniques (X-ray and neutron) can offer direct information about long range 
ordering (e.g., lattice parameter). Moreover, scattering techniques (Raman scattering, X-
ray scattering, and neutron scattering) can reveal properties of vibrational (phonon) modes. 
Furthermore, light absorption (IR, Vis, UV, and X-Ray) can provide valuable information 
about electronic states (e.g., oxidation states of elements). These analyses from different 
techniques based on the same in operando configuration will offer a comprehensive 
rationale, which can unravel electrochemical energy storage mechanisms with optimum 







Figure 7-2. A schematic of an advanced in operando configuration compatible with all 
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